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ABSTRACT
Glow discharges (GD) are well known for their application to direct
solids elemental analysis of metals and alloys by optical emission
spectroscopy (GD-OES). The most successful application of GD-OES has
been the analysis of solid materials since the GD provides rapid, direct
bulk and depth profiling analysis of solids, metals, powders, polymers,
glasses and ceramics. However, solids analysis has typically suffered
from the lack of true analytical blanks and the inability to study particulate
solids in their native state. An approach for the analysis of solid powdered
material entrapped in a sol-gel matrix by radio frequency glow discharge
optical emission spectroscopy (rf-GD-OES) is described. Using the sol-gel
method, analytical blanks were obtained by the use of an undoped sol-gel.
Through sol-gel chemistry, entrapment of solid powdered material (i.e.,
Portland cement and oligonucleotides) in a solid glass matrix is achieved.
Slurries of powdered materials were incorporated into the films and
analyzed for both metallic and non-metallic elemental components. RfGD-OES is capable of easily determining non-metals due to the inert
atmosphere. Cast films are analyzed to determine the optimum discharge
operating conditions and effects of particle size as well as deposited layer
thickness.
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Even though depth profiling of solid layered surfaces and thin films
has been the major area of application for GDs, recent trends have
focused on the analysis of liquid solutions for elemental species studies.
The coupling of particle beam sample introduction and hollow cathode
optical emission spectroscopy (PB/HC-OES) was applied for empirical
formula determinations of a group of nucleotides. The phosphorous and
carbon atomic emission from ribonucleotide compounds was monitored
and the analyte element response (P (I) and C (I)) to the glow discharge
operation conditions was studied.
To further demonstrate the capability of the PB/HC-OES as a liquid
chromatography detector for biomolecules, iron containing metalloproteins
were separated and determined by PB/HC-OES through monitoring of iron
atomic

emission.

Reversed

phase

high

performance

liquid

chromatography was used to separate and isolate an iron-protein mixture
followed by PB/HC-OES iron specific detection. Parametric optimization
for sample introduction, nebulization and hollow cathode source conditions
were performed for the analysis of iron-containing metalloproteins.
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CHAPTER 1
INTRODUCTION
Glow Discharge
Glow discharges (GD) are some of the oldest and most widely used
spectroscopic sources [1]. The first glow discharge devices were
developed as spectrochemical sources beginning in the early 1890s, but it
was not until 1967 when Werner Grimm developed the first modern direct
current (dc) glow discharge designed for optical emission [2] that the GD
became routinely used as a spectrochemical source. From this,
improvements on the Grimm type GD cell were carried out using radio
frequency powered glow discharge by the groups of Marcus and
Passetemps [3-5], eventually leading to the Marcus type glow discharge
source that is of commercial importance. Current work on glow discharges
has focus on the coupling of a wide range of sample types (e.g. solid,
liquid and gaseous) to a glow discharge sources.

Glow Discharge Devices
Plasmas are defined as the flow of electric current through a
gaseous medium [6]. Glow discharges are a specific type of plasma,
defined as a gaseous conductor in a reduced pressure, inert atmosphere
[7]. Gas discharges can be classified by the amount of current passing
through the system. The fact that current flows through the system implies

1

that the gas is at least partially ionized and therefore charge carriers such
as electrons and ions are present. Current is generated by the electrical
field accelerating the charged particles, electrons and ions. Therefore a
discharge or plasma is formed when a sufficiently high voltage is applied
across two electrodes immersed in a gaseous media such that the
electrical breakdown of the gas occurs, which forms electron-ion pairs and
allows current to flow. The breakdown potential depends on several
factors, including gas species and pressure, electrode material, distance
between the electrodes and degree of pre-existing ionization [7,8].
To understand the behavior of the discharge, it is important to
investigate variations in the discharge current as a function of the applied
voltage [6]. The glow discharge phenomenon was characterized by its
current-voltage (i-V) relationship by Howatson, Figure 1.1 [9]. Figure 1.1
categorizes discharges into three major categories according to the form
of their current-voltage characteristics: the Townsend discharge, the glow
discharge and the arc discharge [10]. When a sufficiently high voltage is
placed across two electrodes an electrical breakdown of the gas occurs
forming

electron-ion

pairs,

which

are

accelerated

toward

the

corresponding electrode of opposite charge, allowing current to flow. This
progression is termed the breakdown voltage (Vb) at which point the gas
becomes conductive. When the potential across the electrodes is
increased, the kinetic energy of the electrons also increases causing

2

Figure 1.1 Current-voltage (i-V) relationship of a glow

3

secondary electrons to form from the collisions with atoms and to cause
ionization [8].
The gas discharge becomes self-sustaining once the level of a
Townsend discharge region is reached. Here each electron emitted or
created produces at least one additional or new electron, thus the plasma
is self-sustaining and the cathode voltage required to maintain the plasma
is reduced relative to Vb. Minute increases in the discharge voltage cause
considerable increases in the number of electrons, with currents up to ~
10-6 A achieved with only small increases in voltage [6,8,11]. However, the
current remains low such that no visible optical emission is observed. The
Townsend discharge is the simplest type of plasma and is typically
operated at low milltorr pressures with moderate applied potentials [6].
Beyond the Townsend discharge is a transition range where voltage
decreases as the current increases, marking the beginning of the glow
discharge region.
Following the transition region, a visible luminous glow begins to
appear and a glow discharge is formed, operating at a pressure range of
0.1-10 Torr and at powers below 100 W. The discharge is now undergoing
rearrangement of the electric fields [6,11]. Two distinct types of glow
discharges exist, classified as normal and abnormal [7]. First, the normal
glow discharge, occurs after the transition from the Townsend discharge
region, and is characterized by a relatively constant operating voltage
across the current range. In this region, the voltage does not increase as
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the current increases because the discharge does not cover the entire
surface of the cathode, and any changes in the current are reflected in the
discharge coverage of the cathode (negative electrode) surface in
response to an increase or decrease in current. As the current increases,
the discharge area expands and gradually covers the entire cathode
surface so that any additional increase in current results in an increased
current density, and thus an increase in discharge voltage as both current
density and voltage must increase. This change in voltage with increasing
current identifies the abnormal glow discharge, which is the most
commonly used glow discharge for analytical spectrometry applications
[12].
Finally, if the discharge current is increased beyond the abnormal
glow discharge, the voltage decreases abruptly and transitions into an arc
discharge. The arc discharge is characterized by high currents and the
ability to excite almost all atomic species [7,13]. It is operated at
atmospheric pressure with a relatively high current of 10-1000 A. The
major current-carrying mechanism is thermionic electron emission due to
the excessive heating of the cathode surface. The high vaporization rates
and energetic collisional processes occurring in the arc discharge provide
a useful spectrochemical tool for direct analysis of robust solids [14-16].

5

Spatial Regions of Glow Discharge Plasma
A glow discharge is produced by applying a potential of 500 to 2000
V across two electrodes in a chamber of reduced-pressure inert gas such
as argon. The breakdown of the gas caused by the applied potential
generates electron-ion pairs producing current in the range of 5 to 100
mA. Figure 1.2 presents the plasma structure of simple diode dc glow
discharge, showing the three most relevant regions of the discharge; the
cathode dark space (CDS), negative glow (NG) and positive column.

(+)
Anode

Positive
Column
Negative
Glow
Cathode
Dark

Cathode
(-)
Figure 1.2 Schematic diagram of a simple diode glow discharge
configuration.
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Among these regions, only the CDS and NG, are observed in an analytical
glow discharge source.
While most analytical applications employing an abnormal glow
discharge exhibit only, the CDS and NG, up to eight distinct luminous and
non-luminous regions can exist depending on the field distribution and
energy of the electrons in each region, Figure 1.3. After the electron-ion
pairs are formed in the gas phase, the positively charged ions are
accelerated toward the negative bias on the cathode and bombard the
surface, causing emission of secondary electrons. In the immediate region
of the cathode surface, the negatively charged secondary electrons are
repelled by the negative potential at the cathode surface. These
secondary electrons are accelerated from zero velocity and do not have
enough energy to excite/ionize gaseous atom, called the Aston dark
space. As the electrons are accelerated from the electric potentials they
gain a small amount of kinetic energy and undergo inelastic collision with
gas atoms. Electrons that travel through the cathode layer without
undergoing any collisions continue to accelerate and gain sufficient kinetic
energy (~25 eV) [17] producing a low probability of excitation and
ionization. The negative potential at cathode the surface repels electrons
which induces the creation of a positive space charge near the cathode
plane. As a result, the majority of the voltage applied between the cathode
and anode drops across the CDS, more specifically called the cathode fall.
Directly adjacent to the CDS is the NG region, which is where the gas-
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Figure 1.3 Characteristic regions of a dc glow discharge
with the associated field properties.
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phase excitation and ionization collision processes predominately occur.
Because it is relatively field-free, collision processes occur in this region
giving the NG region its luminosity. Additionally, the average kinetic
energy of the electrons is lower because they undergo numerous
collisions with inert gas atoms. Electrons in the NG region are mainly
classified into two groups; 1) fast secondary electrons, which have not
undergone many collisions and have high energy capable of ionization
and 2) slow electrons, which are secondary electrons that have been
collisionally cooled or slowed. The potential difference drops considerably
between the cathode surface and the CDS/NG interface [18]. Due to the
excitation and ionization processes occurring in the NG region, it is most
often used in analytical applications.
As electrons exit the NG toward the anode, they have exhausted
their kinetic energy because they have undergone numerous collisions in
the NG region thus producing non-luminous region called the Faraday
dark space [18]. The electrons begin to feel the effects of the relatively
weak positive field at the anode and achieve sufficient energy for further
excitation, resulting in the formation of a low-lumincity region called the
positive column [7]. This region may be the largest in the discharge,
depending on the source size and gas pressure. Finally, as the electrons
exit the positive column and approach the anode, they feel stronger
potentials. They are accelerated again to kinetic energies sufficient to
ionize and excite gas phase species resulting in the anode glow. Here the
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anode fall develops and analogous to the cathode fall has a high negative
space charge. In most cases, glow discharges are designed to have only
the CDS, NG and Faraday dark space regions since the other regions are
of little or no analytical use. A glow discharge can be sustained without
many of the regions mentioned but never without the CDS, since the CDS
is the primary energy source for the discharge due to the large electric
field [19].

Cathodic Sputtering
The process of cathodic sputtering (atomization) is the means of
creating a representative population of atoms directly from the solid
sample and is the primary means of solid sample introduction into a glow
discharge. The cathodic sputtering phenomenon was observed in the mid
1800’s and was more of a hindrance because it was assumed that the
electrodes were degrading. In spite of this glow discharge, spectroscopists
realized the importance of cathodic sputtering and have been taking
advantage of cathodic sputtering for direct analysis of solid material and
more recently for liquid analysis. Sputtering, Figure 1.4, is the direct result
of ion bombardment on the sample surface [7]. Ions, which are created in
the cathode dark space or diffused into the cathode dark space from the
negative glow, are accelerated under the cathode fall potential to the
negatively biased cathode. Within the CDS most of the voltage drop of the
discharge is localized allowing the NG region to be virtually field free. An
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energetic ion impinging on the sample surface is either backscattered [20]
or penetrates into the sample surface where its momentum is transferred
into the target lattice, resulting in both elastic and inelastic collisions as
shown in Figure 1.4. This momentum transfer results in a collisional
cascade in the lattice, propagating in random directions in the vicinity of
the ion impact site. In some cases, the energy is propagated back to the
sample surface. If this energy is greater than the surface binding energy,
then particles can escape the solid and enter the gas phase [1].

Incident Ions

Reflected Ions
and Neutrals

Secondary
Electrons

+
Sputtered
Atoms or
Particles

Figure 1.4 Basic cathodic sputtering process.
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This bombardment results in the liberation of atoms, atom clusters,
ions (positive and negative), secondary electrons and in some cases
photons [21,22]. The positive ions are returned immediately to the surface
by the negative bias of the cathode and can be resputtered, while the
negative ions will be accelerated away. Likewise, secondary electrons are
emitted and accelerated across the cathode fall region and into the NG,
where they participate in excitation and ionization processes [23]. The
type of material ejected as well as its electronic state are affected by
several factors including both the mass and energy (i.e., momentum) of
the primary sputtering ion or ions and the nature of the cathode material
[21,23,24]. However, as much as 95% of the sputter atoms are
redeposited back to the cathode surface through collision with other
gaseous species [25]. In addition, the majority of the sputtered material is
made up of neutral atoms [21,23] and the discharge pressure determines
the percentage of neutral species that actually diffuse into the negative
glow for subsequent excitation and ionization. Most solids analytical glow
discharge methods are based on the use of this large neutral population.

Excitation and Ionization
Excitation and ionization of atoms in a glow discharge source is the
result of the multiple inelastic gas-phase collisional processes. Figure 1.5
illustrates the various excitation and ionization process that occur within
the NG region of the glow discharge [7]. Collisional reactions, where a
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Figure 1.5 Collisional processes occurring in the glow discharge.
M0 = sputtered netural; Ar* = Ar metastable; Ar+ = Ar ion.
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transfer of kinetic energies are exchanged, are collisions of the first kind,
predominately electron impact, whereas, the collisions of the second kind
involve a potential energy transfer between the internal energy of
metastable gas species and sputter atoms, e.g. Penning collisions [23,26].
Table 1.1 lists the possible excitation and ionization process that happen
in a glow discharge [7,26]. Collisions of the first kind involve electronanalyte interactions. However, heavy particles having internal energy exist
both as neutral atoms and molecules and as ions.
Electrons are the primary means of excitation and ionization in a
glow discharge. There are three kinds of electrons that can exist in a GD;
primary (>25 eV), secondary (2 – 10 eV), and thermalized or “ultimate”
electrons (<3 eV). Primary electrons are high energy electrons emitted
from the cathode surface which have not yet undergone collisional energy
losses. The secondary electrons have considerably lower energies on
average, as a result of ionizing collisions in the CDS/NG region.
Thermalized electrons play an important role in promoting the sputtered
cathode atoms and discharge gas atoms into their excited state. Since this
type of electron has the highest density in the NG (109 – 1013 cm-3) the
average electron temperature is determined by the thermalized electron
[27]. Therefore, excitation of analytes with a transition less than 3 eV
above the ground state will be populated preferentially making the GD
plasma a source for a wide range of atomic emission lines [28]. Electrons
having energies >5 eV, which is much higher than can be found in
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Table 1.1 Excitation and ionization processes in the glow discharge.
I.

Primary Excitation and Ionization Processes
A.

Electron Impact
M0 + e-

B.

M* + e- / M+ + 2e-

Penning Collision
M0 + Arm*

II.

M* + Ar0 / M+ + Ar0 + e-

Secondary Processes
A.

Charge Transfer
1.

Asymmetric
Ar+ + M0

2.

M+ + Ar0

Symmetric
X+ + X0

3.

X0 + X+

Dissociative
Ar+ + MX

B.

Associative Ionization
Arm* + M0

C.

ArM+ + e-

Photoexcitation/ionization
M0 + hν

D.

M+ + X + Ar0

M* / M+ + e-

Cumulative Ionization
M0 + e-

M* + e-

M+ + 2e-

M0 = sputtered neutral; Arm* = Ar metastable; X = gas-phase atom
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atmospheric plasmas and flames, are effective and efficient at exciting
high-lying excited states of non-metal elementssuch phosphorous and
sulfur.
Besides excitation and ionization by electron impact, species can
also undergo Penning collisions between metastable discharge gas atoms
and neutral atoms of the sputtered material resulting in excitation and
ionization [15,29,30]. Metastable species are atoms electronically excited
to a state where the transition to a lower state is spin forbidden and thus
do not radiatively decay resulting in long lifetimes (~1 ms) [31]. The
transfer of potential energy from a metastable atom to analyte species is
termed a Penning collision, which is considered to be the most prominent
for excitation or ionization [7]. Gases typically used are noble gases.
Noble gas atoms have high-lying, long-lived metastable states, which in
turn make them ideal as glow discharge gas species. One of the most
commonly used discharge gases is Ar, which sputters efficiently, but has a
low excitation capability because of its metastable states [32]. On the
other hand, using He as the discharge gas allows for excitation of higher
lying excited states, but has poor sputtering capability. Neon falls between
Ar and He in terms of sputtering and excitation capabilities [32]. Table 1.2
presents the metastable energy levels and ionization potentials of rare
elements. The excitation and ionization in a GD occurs through various
collisional processes involving metastable gas atoms, ions, electrons and
photons [33,34]. Metastable energy states are directly related to the
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Table 1.2 Metastable energy levels and ionization potentials
for rare gas atoms.
Atom

Metastable Energy (eV)

Ionization
Potential
(eV)

He

20.6

19.8

24.5

Ne

16.7

16.6

21.6

Ar

11.7

11.5

15.8

Kr

10.5

9.9

14.0

Xe

9.4

8.3

12.1

excitation capability of the GD and are arrange from the highest, He, to the
lowest, Xe [19].
Numerous detection means are available to researchers to probe
the collsional processes occurring in the NG regions of the GD as shown
in Figure 1.6. Ground state neutrals may be monitored by atomic
absorption spectrometry (AAS). Analytes can also be excited by an
external photon source for atomic fluorescence spectrometry (AFS)
analysis. Atomic emission detection is also possible, as excited species
emit characteristic photons.

Moreover, if sufficient analyte ions are
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produced after energetic collisional processes, mass spectrometry can be
used.
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Figure 1.6 Sampling modes of the negative glow region.

Hollow Cathode Discharge
Hollow cathode discharges (HCD) were first reported by Paschen in
1916 [35]. Unlike simple diode source geometry as mentioned up to this
point, an alternative configuration allows for the formation of a single
negative glow between two planar cathodes or inside a cup-shaped
cathode termed the “hollow cathode effect” [36]. This effect occurs when
operating pressures allow a single NG to form between two planar
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cathodes causing the NGs to coalesce since the distance between the
cathodes is decreased. Paschen’s original hollow cathode design
consisted of two pairs of opposing flat electrodes, with an open cavity filled
with a inert gas [35]. This eventually evolved into a hollow cylinder as
shown in Figure 1.7. As a single NG forms inside the cylindrical cathode,
enhanced electron production is achieved because of the confinement of
cathode fall regions increasing current density. Secondary electrons which
are ejected from the cathode surface are accelerated toward the CDS/NG
boundary where they can produce more electrons through collisional
processes mentioned previously. These, electrons can diffuse through the
NG region and travel toward the opposite CDS/NG boundary because of
its positive space charge. As the electrons travel towards the opposing
cathode wall, they are repelled backward because of the negative charge
and hence acquire additional kinetic energy. The electrons are essentially
trapped within the cup-shaped cathode cavity and have greater energies
than those typically found in a simple diode glow discharge [7,12]. As a
result,

collisional

multiplication

and

processes
lowering

are
the

increased
required

enhancing

maintenance

electron
voltages.

Additionally, as a single NG forms inside the cylindrical cathode it is
possible to maintain a discharge of high cathode current density with
relatively low voltage.
As with any glow discharge the operating conditions of the HCD are
determined through variations of discharge current, voltage and gas
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pressure [7]. Discharge gas pressure influences the residence time and
collisional processes as increases in pressure increases the gas phase
collision frequency [12]. Alternatively, electron energies decrease along
with discharge maintenance voltage because of the increased gas density
and therefore the net excitation efficiency is decreased when electron
impact is the primary excitation mechanism. Discharge current controls
the extent of sample excitation through an increase in electron number
density [37,38]. Higher discharge currents result in higher free electron
density resulting in larger degrees of excitation. Simply put, the high
density of electrons in the HCD provides an optimum environment of
analyte excitation, ionization and emission.

Radio Frequency Operating Mode
As seen to this point the flow of charged particles is the driving
force for glow discharge plasmas, where the positive ions are attracted to
the cathode followed by release of secondary electrons. Therefore both
electrodes must be electrically conductive. However, not all solid samples
are metals or alloys but rather glasses, ceramics and insulating materials
which are inherently electrically nonconductive. In order to maintain the
flow of current in the discharge of insulating materials, the electrons lost
from the sample surface need to somehow be replenished. This was first
overcome by Wehner et. al when they used an oscillating rf potential to
sputter insulating materials [7,39]. The use of an rf potential allows for the

21

sample surface to be inundated by ions and electrons replenishing the
electrons on the sample surface. Figure 1.8 shows that when a square
wave potential of -1000 V is applied to an insulator surface, the first rf
cycle drops the insulator surface to -1000 V initiating the discharge. The

Figure 1.8 The dc bias on an insulating surface.

insulator surface is bombarded with positive ions which rapidly brings the
surface voltage towards zero. However, before the surface voltage
reaches zero or extinguishes (e.g. -900 V) the applied voltage polarity
switches to 2000 V positive, supplying a surface potential of + 1100 V.
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This initiates the surface bombardment of electrons, which in turn drops
the surface potential to less positive values. After several cycles, a steady
state condition will be attained in which the surface voltage is negative for
the majority of the time [9,40]. This results in continuous sputtering of
insulating materials.
Radio frequency (rf) glow discharge and direct current (dc) glow
discharge are nearly identical in design and appearance. In fact, the
similarities can be extended to the physics that govern the plasma
behavior. As a result, the process of atomization, sputtering, excitation
and ionization previously described for dc plasmas also applies to rf
plasmas. The rf glow discharge can be described as a dc discharge with
high-frequency rf field superimposed [41]. On the other hand, the two
plasmas differ significantly in terms of particle characteristics, plasma
density and energy distribution [7,42]. Table 1.3 shows a comparison of
the physical properties of a glow discharge operated in the rf and dc
modes [12].
Even though the mechanisms for excitation and ionization are the
same, the differences in energy distributions and density of charged
particles results in different excitation and ionization efficiencies. However,
the most significant difference between rf and dc glow discharge plasmas
is that dc discharges are restricted to electrically conductive samples. On
the other hand, rf discharges can directly analyze both electrically
conductive samples and non-conductive samples.
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Table 1.3 Comparison of physical properties of an rf and dc plasma.

Parameter
Electron number density (cm-3)
Ion number density (cm-3)
Average electron energy (eV)
Excitation temperature (K)
Electron temperature (eV)
Plasma potential (eV)

rf
2 - 6 x 1010
3 - 12 x 1010
4-7
5000 - 8000
1.5 - 2.5
9 - 16

dc
6 - 18 x 1010
4 - 20 x 1010
0.7 - 1.0
2500 - 4000
0.2 - 0.6
2-4

Liquid Sample Analysis by Hollow Cathode Glow Discharges
Since glow discharges are operated in inert environments they are
great candidates for analysis of non-metals. However, glow discharge
sources have traditionally been applied to solid elemental analysis [7]. The
use of glow discharge devices for the analysis of liquids has been
hindered by the deleterious effects of solution vapor because there is
insufficient temperature to affect desolvation of analytes inside the low
temperature and low density plasma [12]. In practical terms, there are not
sufficient numbers of high energy collisions to effectively evaporate liquid
solvent. The presence of only minute amounts of molecular vapors
(including solvent, air, or any others) severely suppresses the plasma
energetic necessary to sustain the plasma [43-46]. Trace amounts of
solvent vapor (e.g. water) can have enormous consequences such as
reduction in the number density of energetic particles and alternating
atomization, excitation and ionization processes [43,47]. Therefore,
sample introduction devices have been developed which can desolvate
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liquid solutions and introduce those desolvated solutions into discharge
environments [48-54]. One of the first such methods is a residual drying
method described below.
The initial methods for liquid sample analysis by low pressure GD
sources involved the forming of dry solution residues onto a target and
placing that within the GD source for subsequent analysis [12,55]. The
experiment involves the deposition of an aliquot (1-100 µL) of analytecontaining solution into a hollow cathode or onto the planar cathode of the
GD source, and evaporating the solvent to produce a dry residue. The
cathode is then placed in the discharge source, and the plasma ignited to
effect sample atomization through the normal cathodic sputtering process.
Detection and determination of analyte species has been done by atomic
absorption, emission, fluorescence and mass spectrometries [43,55-58].
Harrison et al. used this approach with a demountable hollow cathode
source for solution residue analysis evaluating the parameters affecting
analytical performance [59]. While this approach does effectively remove
solvent vapors from the glow discharge there are two major drawbacks; it
is laborious and it is not amenable to online analysis by flowing streams
(e.g. chromatographic eluents). However, hollow cathode optical emission
spectroscopy has shown to be effective for the analysis of biological
materials [60,61] because of its high detection power and power densities.
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Transport Type Liquid Chromatography-Mass Spectrometry Interfaces
To overcome the shortcomings of residual solution analysis
transport-type

liquid

chromatography-mass

spectrometry

(LC-MS)

interfaces such as the moving belt (MB) and the particle beam (PB) have
been used to introduce dry analyte particles into a glow discharge plasma
in a continuous fashion [12,48,50,53,54,62,63]. While achieved by
different means these interfaces include aspects of on-line liquid sampling,
desolvation, solvent vapor removal, and analyte delivery into low-pressure
environments. In LC-MS applications, analytes are delivered solvent free
into the ion source.
The MB was developed for liquid sample introduction into a GD
source, which was pioneered by Brackett and Vickers [37,50]. Using the
MB interface, the liquid flows through a restricted capillary at rates of
~100-300 µL min-1 and is deposited on the 0.125 in. diameter beads of a
stainless steel conveyor chain moving at a velocity of ~140 mm min-1.
The chain passes through a resistively heated tube at reduced pressure,
affecting desolvation along the path to the discharge region. As a result, a
dry solution residue is formed on the chain elements. The metallic chain
subsequently comes into contact with the stainless steel cathode of the
GD, and as such sputtering of the residue from the beads is initiated. The
MB was the first system allowing continuous introduction of LC eluents
into a low pressure source and Brackett and Vickers studied the effects of
various parameters on the analyte performance [37,50]. While the MB
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offers a convenient way to introduce LC eluents into the GD source, it
historically

suffered

from

two

hard-to-overcome

traits

in

LC-MS

applications, which limited its ultimate acceptability including: 1) memory
effects and 2) species-specific response characteristics. For example, it
was found that compounds with the lowest volatilities such as the
chlorides of calcium and barium have severe memory effects, indicating
the important role of analyte residue removal from the conveyor chain by
vaporization as well as the simple cathodic sputtering process [64]. To the
same extent, the residual buildup of carbonaceous material on the chain
could result in plasma instability and complicate the spectral background.
Finally, the plasma was shown to remain unaffected when introducing
samples in acetonitrile, hexane, and carbon tetrachloride solvents/mobile
phases.

However, methanol and ethanol were found to lead to the

extinction of the plasma. These problems limited the further use of the
moving belt as an LC sample introduction system into low-pressure
discharge sources.

Particle Beam Transport Type Interface
The noted difficulties with the MB eventually led to the exploration
of different interface approaches for solution introduction to MS ion
sources, most notably the particle beam interface (PB) [53,54,65], shown
schematically in Figure 1.9. The ability to work across a wide range of
solution phase compositions, polarities and flow rates, while delivering dry
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analyte particles to a low pressure source are the key advantages of the
PB approach. The interface was initially called the monodisperse aerosol
generation interface for coupling (MAGIC) LC-MS [54]. The MAGIC
interface was conceived with electron ionization (EI) in mind, and each
step of its function was designed to optimize the conversion of the
analytes from liquid phase to gas phase molecules. The breakthrough
technology of the MAGIC interface was the conversion of the effluent into
an aerosol, evaporation of the aerosol droplets, and the formation of a
beam of solute particles that is transported to the high vacuum region of
the ion source. The conversion of the solute particles into the gas phase
molecular species occurs inside the ion source volume, where the fast
moving particles are flash vaporized upon contact with the heated source
walls.
The primary advantage of the PB interface is its ability to treat the
analytes in a “GC-style” by converting them into the gas phase prior to
analysis. Furthermore, the presence of residual solvent vapors causes
severe depression of analyte ion signals, degraded signal to noise
characteristics, and contributes large amounts of spectral complexity in
those sources. Figure 1.9 depicts the nebulizer mounted to a heated
chamber where desolvation of the aerosol takes place, followed by a
multistage momentum separator that performs particle enrichment by
removal of nebulizer gases and solvent vapors through a series of vacuum
stages and skimmers. In simple terms, the pressure difference across the
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small

orifices

(≤1

mm

diameter)

causes

an

expansion

of

the

gas/particulate plume based on the relative momenta of the stream
components. Light weight species (gases) tend to expand radially and are
skimmed from the beam, while the more massive analyte containing
particles continue to pass through the successive orifices. Use of two or
more stages of differential pumping yields a beam of particles free from
residual gases that is delivered to the ionization volume.

Analyte-

containing particles on the single-micron size scale are flash vaporized
into the gas phase.

The PB interface provides a means of sampling

liquids at flow rates of up to ~2.0 mL min-1, while allowing ionization or
excitation by electron impact, chemical ionization and other methods
within a pristine environment. The PB interface has been successfully
used for the determination of metal complexes [66-69], organic
compounds [70-73] and biological molecules [74-78]. However, one of the
characteristic features of all particle beam apparatus is a suppression of
nalyte signals at low analyte concentrations. This is caused by the loss of
small analyte particles in the momentum separation step as their low mass
causes them to behave more like gases, i.e. low mass analyte particles
are lost in the skimming process along with solvent molecules [79]. Larger
particles (up to a point) have been shown to gain more momentum and
suffer less severe particle loss during the momentum separation process
[53]. Suppression of analyte signals at the lower end of the concentration
range can be remedied by taking advantage of the so-called ‘carrier effect’
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which increases the solute particle mass [65]. Simply, co-precipitation of
the analyte with an involatile carrier agent within an evaporating droplet
ultimately leads to the creation of larger particles (~1-10 μm) that improve
analyte transport, response, and calibration curve linearity. This approach
has been investigated for biomolecules (bovine serum albumin) by Jin et
al. [60,61]. In all cases, the carrier agents improved the detectablitiy of
BSA by the particle beam/hollow cathode-optical emission spectroscopy
(PB/HC-OES) system in comparison to the case of neat (aqueous)
solution injection matrices.

Liquid Chromatography Coupling and Speciation Analysis
Speciation analysis is commonly defined as the analytical activity of
identifying and/or measuring the quantities of one or more individual
chemical species in a sample [80]. The greatest attribute of coupling the
PB with a low-pressure plasma source is its ability to obtain selective
speciation information.
usually

gas

Most speciation methods use chromatography,

chromatography

(GC)

or

high

performance

liquid

chromatography (HPLC), to separate the species, and flame, furnaces
and inductively couple plasma (ICP) techniques for excitation/ionization
with optical spectroscopic techniques such as atomic absorption
spectroscopy (AAS), and atomic emission spectroscopy (AES) for
element-selective detection of the metal constituents. ICP is typically
considered the most useful technique for liquid solution analysis [81]. Due
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to its high kinetic temperatures, molecules are broken down to their atomic
levels yielding excellent atomic information especially for metals. As such,
species identification is done solely by LC retention time. By using the PB,
eluent from the HPLC is easily coupled into a GD source where
subsequent species-specific detection allows for simple empirical formula
calculations. One of the key advantages of performing organic analysis
with a GD source is that the inert gas plasma allows for detection of
nonmetals such as C, H, O and N. Of course, these are also components
of most liquid sample matrices and LC mobile phases. Therefore, the
determination of such elements depends on the use of highly efficient
solvent removal methods; such as the PB interface. The use of standard
flame, furnace and ICP sources for such determinations is virtually
impossible due to low desolvation efficiencies and constant atmospheric
background. The access to the above ‘gaseous’ elements enables
different levels of molecular species information to be obtained via optical
emission spectroscopy. That is, the emission responses of C, H and N in
amino acids (for example) by PB/HC-OES permit the determination of
empirical formulas across a range of organic compounds [63,82,83].

Summary
The previous sections describe the analytical applications of glow
discharges for optical emission for both solid and liquid analysis. The
research presented here is aimed toward expanding the scope of

32

applicability of glow discharge for analytical analyses. Chapters 2 and 3
demonstrate the sol-gel method for the analysis of solid sample by rf-GDOES and were published in the Journal of Analytical Atomic Spectrometry
(T. M. Brewer, W. C. Davis and R. K. Marcus, 2006, vol. 21, pp. 126-133)
and Analytical Bioanalytical Chemistry (T. M. Brewer and R. K. Marcus,
2006, vol. 386/5, pp. 1357-1365, respectively. Chapter 2 deals with direct
optimization of plasma parameters and film casting for the determination
of particulate matter, while Chapter 3 deals with the analysis of bioimmobilized nucleotides for non-metal detection. Chapter 4 was published
in the Journal of Analytical Atomic Spectrometry (T. M. Brewer, B.
Fernandez and R. K. Marcus, 2005, vol. 18, pp. 924-931) and discussed
the analysis of nucleotides by PB/HC-OES. Chapter 5 was published in
Analytical Chemistry (T. M. Brewer and R. K. Marcus, 2007, vol. 79, pp.
2402-2411), and presents the species specific detection of iron-containing
metalloproteins using the PB/HC-OES by monitoring both iron and sulfur
atomic emissions. The parametric optimization of the PB/HC-OES
systems for metalloprotein analysis is also described. Chapter 6 will be
published in Applied Spectroscopy (T. M. Brewer and R. K. Marcus, in
press), it presents a comparison for the determination of free iron and
bound iron in the form of iron-metalloproteins by PB/HC-OES and ICPOES.

33

34

CHAPTER 2
PLASMA PARAMETER AND FILM CASTING OPTIMIZATION FOR THE
DETERMINATION OF PARTICULATE MATTER IN A SOL-GEL MATRIX
BY RADIO FREQUENCY GLOW DISCHARGE OPTICAL EMISSION
SPECTROMETRY (RF-GD-OES)
Introduction
Multielement analysis of particulate matter in its native state is
desired due to increases in air and soil pollution [84-87].

Particulate

matter is a known component of air pollution and falls under the 1996
criteria for ambient air quality developed by the United States
Environmental Protection Agency (EPA). Ambient particulate air pollution
is composed of organic compounds, elemental carbon, sulfate and nitrate
compounds, along with mineral dust [86,87]. To date, there is still much
speculation about the adverse health effects of inhaled particles and the
possible toxicological mechanisms. Nonetheless, particulate air pollution
has been shown to be a source of damage to the lungs [88-91].
Analysis of solid particulate material typically involves a dissolution
process followed by elemental determination by solution-based methods
(e.g. atmospheric pressure flames and plasmas) or binding the powdered
form with a chemical binder into a pellet and subsequent analysis by
scanning electron ablation (LA) [92-96] and spark ablation (SA) [97,98]
inductively coupled plasma spectroscopies [99-102], direct current glow
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discharge (dc-GD) spectrometries [103-105], or X-ray fluorescence (XRF)
[106-112].

However, SEM/EDX, SA, and dc-GD methods require the

sample to be electrically conductive in order for proper operation.
Modification of a nonconductive sample involves crushing the sample into
a powder and then mixing it with a conductive binder and pressing it into a
pellet. Laser ablation followed by inductively coupled plasma (ICP) optical
emission spectrometry (OES)/ mass spectrometry (MS) is quite capable of
analyzing both conductive and non-conductive samples, although a
possible drawback to laser ablation (that is heavily dependent on the
experimental apparatus) ICP/MS is elemental fractionation and sampling
problems with inhomogeneous materials. Fractionation is a concern when
dealing with laser ablated materials because the vapor produced is usually
not a stoichiometric representation of the solid sample. XRF is the best
non-destructive method for direct solids analysis as photons are used to
do the excitation and there is minimal sample preparation; however, XRF
is generally insensitive for low-atomic number (Z) elements.
Radio frequency (rf) powered glow discharge optical emission
spectroscopy (rf-GD-OES) has become an attractive tool for direct solid
analysis due to it’s ability to directly atomize both conductive and nonconductive solid samples [9,12,113,114]. Previous research in this
laboratory has shown the advantage of rf-GD-OES for solids analysis for
the detection of non-metallic elements (e.g. nitrogen and oxygen) as well
as low-Z elements such as boron in glass matrix samples [115,116]. The
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ability to atomize both conductive and non-conductive solids samples
makes rf-GD-OES more versatile than the conventional dc glow
discharges, where a nonconductive powder is compacted into a disc with
a metal powder binder to give electrical conductivity. However, problems
with entrapping gases during the course of the disc/pellet pressing
procedure and the variability in particle sizes and composition likely
encountered in real-world samples are complicating issues [104,117,118].
To alleviate this problem, Luesaiwong and Marcus fused powdered
samples of coal fly ash with lithium metaborate glass [119]. Pan and
Marcus demonstrated the direct analysis of glass powder using a pressing
procedure without a binder as a simple sample preparation procedure,
though the aforementioned problems with pellet formation were still
present [120]. Recently, Davis et al. developed and demonstrated sample
preparation of Portland cement and coal fly ash powders using a sol-gel
method [121]. By extension from other works in the area of sol-gel
immobilization, the sample can be added to the sol mixture in liquid form
as well and cast onto a support as a film [122]. The sol-gel process
achieves a reliable and repeatable sample preparation for rf-GD analysis
of liquid or powder material, e.g. particulate matter.
At room temperature, the hydrolysis and condensation of silica
monomers produces a colloidal suspension (sol) and gelation of the sol to
form an inorganic glass (gel) network [123].

Besides providing an

inorganic glass network, the sol-gel process also offers a means to vary
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many of the physical properties (porosity, transparency, hardness) of the
glass, which can entrap particles. The result is that the analyte is
immobilized into an oxide matrix formed by the sol-gel process. Thus, the
sol-gel allows for the creation of many of the same characteristics as
glass, without using chemicals or extreme heat to modify the matrix.
Liquid-form samples can also be added to the sol before casting. Use of
the sol-gel matrix for immobilization of particulate material has been
investigated over a wide range of analytical formats, such as optical and
sensing properties of indium tin oxide [124] and chromophores [125], and
as palladium [126] and aluminum catalysis [127].
Presented here is a further example of the use of the sol-gel
prepared films as the sample matrix for rf-GD-OES analysis. Slurries of
powdered standard reference materials NIST SRM Portland Cement
1884a and NIST SRM 1648 Urban Particulate Matter were incorporated
into the films and analyzed for both main and trace elemental
components. Sol-gel oxides based on methyl-trimethoxysilane (MTMOS)
were employed as the matrix for the analysis of powdered particulate
material. Aliquots of sol are spun-cast onto glass substrates for processing
into oxide films ranging from ~3.9 - 11 µm thickness. The resultant films
were analyzed to determine the optimum discharge operating conditions
and effects of particle size and deposited layer thickness by monitoring
optical emission lines of a number of analytes contained within the film.
Calibration curves were generated by doping MTMOS solutions with
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varying amounts of the SRM powder; though incorporation of aqueous
samples is also possible. Limits of detection were in the order of µg g-1
based on the original bulk powders, equating to nanograms of material in
the actual sputtered films. The sample preparation technique allows for
the synthesis of solid undoped samples that are used as analytical blanks
and the generation of true matrix-matched calibration curves.
Experimental
Sol-gel Film Preparation
Sol-gel stock solutions were prepared using microliter pipets by
mixing 2100 µL methyl-trimethoxysilane (MTMOS) (Acros Organics, New
Jersey), 560 µL 0.1 M HCl (Fisher Scientific, Pittsburgh, PA) and allowed
to stir for ten minutes.

20 mg of the powdered standard reference

materials of NIST SRM 1884a Portland Cement and NIST SRM 1648
Urban Particulate Material (UPM) (Table 2.1) were added to the sol-gel
solutions to form slurries, equating to 20 mg solid to 2.6 mL liquid (~0.8%
dissolved solids).

Three sequential applications (150 µL each) of the

slurries were then spun cast (Chemat Technology Spin Coater model KW4a) onto glass microscope slides (2.5 x 2.5 cm) (Fisher Scientific,
Pittsburgh, PA) for 13 seconds each at 7000 rpm, resulting in an
apparently dry (i.e., no residual solvent) film of ~9 μm thickness. The
presence of residual solvent would have deleterious effects on the
fundamental plasma processes and lead to instability and compromised
operation. Once cast, the films were allowed to cure in a desiccator at
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Table 2.1 Certificate values for NIST SRM 1884a Portland Cement
and NIST SRM 1648 Urban Particulate Matter
NIST SRM 1884a
Portland Cement

Concentration1

CaO

62.26 %

SiO2

1

NIST SRM 1648
Urban Particulate

Concentration

20.57 %

SiO2

(26.8 %)2

MgO

4.475 %

Mg

(0.8 %)

Al2O3

4.264 %

Al

3.42 %

SO3

2.921 %

SO3

(15.42 %)

S

(5.0 %)

Fe2O3

2.695 %

Fe

3.91 %

TiO2

0.186 %

Ti

(0.40 %)

P2O5

0.1278 %

Mn2O3

0.0853 %

Mn

786 μg/g

Cr2O3

0.0166 %

Cr

403 μg/g

Cu

609 μg/g

- Mass fraction ( )2 - non-certified/information values
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room temperature until analysis on the same day as casting. The same
procedure was followed for preparing the sol-gel analytical blank, with the
omission of the analyte powder.

Instrumentation
A JY RF-5000 (Jobin-Yvon, Division of Instruments SA, Edison, NJ)
optical spectrometer was employed for all analytical measurements. This
instrument is a 0.5 m Paschen-Runge polychromator that is presently
outfitted with 26 optical channels; each sampled at a rate of 2 kHz [115].
The source optical emission is focused onto a 2400 grating/mm ion-etched
holographic grating via a MgF2 plano-convex lens. The optical
spectrometer is nitrogen purged, allowing for emission detection over a
range of 110 – 620 nm with a practical resolution of ~0.01 nm. The glow
discharge source was operated using a mixed gas configuration, which
provides precise control over sputter rate by means of mixing helium gas
with the standard argon discharge gas. The discharge gas composition
consisted of different amounts of helium and argon. Spectrometer control
and data acquisition was accomplished by Jobin Yvon’s Quantum 2000
ver. 1.1 software on a Hewlett Packard Vectra VE computer. Data files
were then exported, processed, and managed in the form of Microsoft
(Seattle, WA, USA) Excel files.
The discharge cell (anode) is a 9 x 5 x 5 cm stainless steel cube in
a modified Marcus-Grimm type configuration [40,128,129].

A ceramic

spacer ensures a constant anode-to-cathode distance of 0.5 mm. A 4 mm
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i.d. limiting orifice (anode) was employed for all of the described studies.
The flat glass (microscope slide) sample support is placed against the
water-cooled copper cathode backing block and sealed against a PTFE Oring by a pneumatically controlled piston. A Dressler (Berlin, Germany)
generator and matching network supplied 30 and 40 W of rf power to the
back of the sample cathode. Discharge gas pressure in the GD source
was monitored with a silicon diaphragm pressure transducer (model
PX811-005 Omega, Stamford, CT) and a matching controller/meter
(model DP41-S Omega, Stamford, CT). The pressure transducer allowed
the absolute pressures of both Ar and He to be measured without bias at a
resolution of ~ 0.2 Torr.
The thickness of the cast sol-gels was determined with a Tencor P10 (Mountain View, CA) surface profilometer, employing a 12.5-μm
diamond-tipped stylus. For this report, a 10-mm scan width including a
collection of 5040 data points was employed, yielding a lateral resolution
of 2.0 μm and a depth resolution of 25Å.
Particle size characteristics of the doped sol-gels were obtained
with a Hitachi S-3500N scanning electron microscope (Hitachi High
Technology Company, Brisbine, USA) equipped with an Oxford INCA 400
[Oxford

Instruments

USA

(Microanalysis),

Conrod,

USA]

energy-

dispersive spectrometer (EDS), wavelength dispersive spectrometer
(WDS), electron backscatter diffraction detector (EBSD) and a yttrium
aluminum garnet (YAG) backscatter detector. The images were taken at a
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15 kV accelerating voltage and at a working distance of 16 mm. As no
algorithms to identify individual particles was available on the SEM
system, the grain sizes were evaluated by measuring all of the particles
with a ruler from 3 separate hardcopy images and calculating an overall
average.
A high-speed micro mill MS 100 (Retsch Inc., Newton, PA)
employing a tungsten carbide mortar and pestle was employed for
grinding of the cement specimens. For each grinding, 3.0 grams of NIST
1884a Portland Cement was ground/pulverized over a specific time period
(30 sec, 1, 2, 3, and 4 minutes) and the subsequent homogeneous finely
ground powder was evaluated. The ground cements were dried at 110°C
overnight and placed in a desiccator for cooling before sol-gel processing.

Results and Discussion
Optimization of Discharge Operation Parameters
For the characterization of the sol-gel films using a glow discharge
source, the optimum discharge conditions needed to be determined
through an investigation of power and mixed gas (Ar:He) pressure. As
has been found with all analytical rf-GD-OES techniques, the optimal
operation conditions are determined through variations of the applied rf
power and discharge gas pressure and monitoring the corresponding
analyte emission responses [9,12]. The applied rf power (at constant
pressure) influences the sample sputter rate, while discharge gas
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pressure determines the electron/atom mean free paths, the number of
argon metastable atoms, transport of analyte into the plasma, and the
gas-phase diffusion processes [12]. Previous work in this laboratory has
demonstrated the effect that discharge gas identity has on the energy of
ions

bombarding

the

cathode

surface,

changing

the

electron

characteristics such as electron densities in the plasma, resulting in
changes of emission yields of the analytes [130-132].
Figures 2.1a and b show the discharge gas pressure and
composition dependencies of emission intensities for silicon and copper
which are major and minor elements, respectively, in the NIST SRM 1648
Urban Particulate Matter, illustrating the effects of pressure in the glow
discharge for rf powers of 30 and 40 Watts. In this set of experiments, the
total gas pressure is varied from 0 Torr Ar:4 Torr He to 4 Torr Ar: 0 Torr
He, and then from the pure Ar at a base pressure of 4 Torr, with
increasing amounts of He, up to 4 Torr Ar:6 Torr He composition. As can
clearly be seen, the emission intensities are greater at the higher power,
reaching a maximum at 4 Torr Ar and 2 Torr He with a power of 40W. The
increase in emission intensity with increasing power is to be expected
because of the dc-bias potential increases with power at a given pressure,
thus the sputtering rates are greater [129].
Previous studies in this laboratory have shown that analyte signals
within nonconductive samples (e.g., glasses and sol-gels) can have
greater emission intensity with a mixed discharge gas of Ar and He;
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Figure 2.1 Analyte line intensities as a function of source
pressure gas composition at two different power profiles of solgel films doped with NIST SRM 1648 Urban Particulate
Material a) Si (I) 288.2 nm and b) Cu (I) 327.4 nm.
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[121,130,131] while at the same time sputtering rates can be dramatically
reduced. A mixture of Ar and He was used because He has a higher
ionization potential (24.48 eV) as compared with Ar (15.76 eV) and
therefore, offers more efficient excitation of higher lying excited states of
the analytes [132]. The draw back to using He is that it is less efficient at
sputtering as compared to Ar because of its relatively low mass. By
combining He with Ar, optimization of both excitation and sputtering
characteristics can be achieved. Beyond the optimal gas composition of 4
Torr Ar and 2 Torr He seen in Figs. 2.1a and 1b, a decrease in emission
intensity is observed. This decrease in emission intensity is most likely
due to a decrease in the sol-gel film ablation rate as the plasma is
dominated by He species and the d.c. bias voltage increases as well with
the total source pressure. From the results depicted in Figs. 2.1a and 1b,
optimal emission response was observed at 4 Torr Ar and 2 Torr He at a
power of 40W, and these parameters were used for the continuation of the
study. It should also be noted that all other main and trace elements
showed similar responses as silicon and copper.

Sputter Analysis and Analyte Emission Responses for Sol-gels
Once the optimal power and pressures were determined for sol-gel
analysis, the temporal aspects of the analyte emission responses of the
entrapped particles in the sol-gel were investigated. Figure 2.2a
demonstrates a blank temporal profile transition while monitoring elements
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Figure 2.2a Exhaustive sputtering profile of sol-gel film un-doped. (rf power = 40W,
discharge gas = 4 Torr Ar: 2 Torr He).
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Figure 2.2b Exhaustive sputtering profile of sol-gel film doped with NIST SRM
1884a Portland Cement. (rf power = 40W, discharge gas = 4 Torr Ar: 2 Torr He).

Ca

Sol-gel

Si

as a function of their sputtering time. As can be seen from the figure,
following the transition into the glass substrate there is an increase in
elements that are minor constituents in glass (Co, Cr, Mn, P, Zn) as well
as an increase in the Si and Ca levels which are typical major species.
Figure 2.2b demonstrates a typical temporal profile of a sol-gel doped with
Portland cement, demonstrating the transition from sol-gel to the glass
substrate by the decrease in intensity of Ca, Al and Mg, present in
cement, while increase in P and Mn that are present at higher levels in the
glass matrix. The high levels for Ca in the sol-gel are expected because it
is the matrix element of Portland cement. Clearly seen in both figures, the
elemental oxygen responses are fairly similar in the sol-gel and in the
glass, demonstrating that the sol-gel and glass matrices have similar
elemental oxygen compositions as would be expected because the sol-gel
forms an inorganic Si-OH glass network. Additionally, both the matrices
are composed of C and Si elements which are the major components in
sol-gel. Additionally, in both figures the Si, O and C emission are very
similar for the transition from the sol-gel to the glass substrate. Therefore
subtraction of the sol-gel constituent’s response (Figure 2.2a) from doped
sol-gels (Figures 2.2b) will allow for blank subtraction of the sol-gel matrix
species. However there were high amounts of carbon present after
transitions into the glass slide which could be attributed to impurities used
in the manufacturing process. This is unlikely given the boron-silicate
matrix; more likely however is emission from molecular species such as
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Si-H or Si-OH. This is supported by an increase in Si in the glass
promoting an increase chance for molecular emission. Also displayed is
the ability to differentiate between the respective elements’ content in the
film and substrate. Clearly, if Ca, Al and Mg were not entrapped in the solgel they would not generate responses until the substrate was reached.
As can be seen in both figures, the sol-gel is totally ablated at 275 sec,
demonstrating the quick analysis time using this method. Glass slides
provide an effective substrate for these preliminary studies, although a
substrate that provided a significantly different “analyte” optical response
than the sol-gel samples would be ideal. Sol-gels cast onto metal
substrates did not adhere to the metal surfaces and often cracked.
Another alternative substrate to glass is silicon wafers. Silicon wafers offer
many of the similar properties of glass but have a higher cost associated
with their purity. For the purposes of this study, the glass microscope
slides provided the best means of producing a great number of samples
for a relatively low cost.
Figure 2.2b also demonstrates the stability of the analyte emission,
and by extension the particle homogeneity of the analyte particles within
the sol-gel casting. Blank subtraction of the data is easily achieved by
subtraction of the emission signal from undoped sol-gel samples. All
element responses in both the blank and doped sol-gel were ratioed to the
argon signal to correct for any fluctuations in the plasma [119,129,133].
The use of the sol-gels as sample matrices also facilitates the generation
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of calibration curves via readily synthesized, matrix-matched analytical
standards. Since carbon, oxygen, and silicon are major components in all
sol-gel films, and not to a large extent in the potential supports, it is
envisioned that these responses could be used as an internal standard to
monitor the sputtering rate of the deposited film.

Effect of Particle Size on Emission Characteristics
Previous experiments involving the incorporation of powdered
material in a sol-gel matrix for rf-GD-OES analysis did not consider the
effect of particle size and casting thickness on emission intensity response
[121]. Studies in the dc-GD-OES literature dealing with the compaction of
powdered material into a metallic discs have shown that smaller particle
sizes yield smaller amounts of trapped gases because there is less void
space available after compaction [103,104,134]. Additionally, the smaller
particle sizes seem to result in enhanced emission intensities through the
formation of pseudo-molten layers on the sample surface [104]. Pan and
Marcus demonstrated that particle sizes of <50 µm are best for forming
discs when compacting glassy powders directly for rf-GD analysis in terms
of physical robustness and stability of the resulting plasma [120]. While
compaction quality and entrapment of gases are not relevant in the case
of sol-gel processing, particle size would be expected to effect film casting
quality and the temporal stability of the plasma emission responses.
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The effect of particle size on analyte emission responses was
evaluated for the sol-gel immobilized Portland cement material. The
Portland cement was ground/pulverized using a high-speed micro mill for
different time intervals; 0 and 30 seconds, 1, 2, 3, and 4 minutes to
evaluate the most appropriate particle size for sample preparation. The
SEM micrographs in Figs. 2.3 a-f, depict the resultant different sizes of
material encapsulated within the sol-gel. Table 2.2 presents the average
measured particle size in micrometers of Portland cement based on the
micrographs. Without any grinding of the Portland cement, the average
measured particle size is 75 µm, which corresponds with the certified
value for the NIST SRM. With an increase in grinding time, a decrease in
average particle size is observed as well as an increase in the spatial
dispersion of observable particles in the sol-gel. It should be noted that
grinding times of two minutes or greater did not have an appreciable affect
on the average measured particle size, which is due to a limitation of the
pulverizer itself.
Figure 2.4 depicts the effects of particle size on the response of
some of the main (Ca, Si, S) and trace (Mn, Ti, Cr) elements of NIST
1884a Portland Cement using the rf-GD-OES system. The data are
reported as the integrated (250 sec.) emission intensities of the analyte
transitions divided by that of the Ar (I) 404.4 nm responses for the same
period of analysis [129,133]. It should be noted that all the trace element
values shown here were magnified by a factor of 10 to fit on the same
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Figure 2.3 Scanning electron micrograph of sol-gel films doped with NIST SRM 1884a Portland Cement
subjected to various grinding times. a) 0 sec., b) 30 sec., c) 1 min., d) 2 min., e) 3 min., and f) 4 min.

Table 2.2 Averaged measured particle size after grinding
Grinding Times
(sec)

Averaged Measured size (μm)

0

75

30

46

60

39

120

36

180

34

240

30

scale as the main elements. It can be concluded from these figures that
no specific grinding time exhibits optimum emission intensities over the
range of main and trace elements studies. The NIST Portland cement is a
homogenous sample that has been sieved to a fairly small particle size
distribution to increase the overall homogeneity of the sample. This would
not be the case for real world samples that may require appreciable
grinding to achieve homogeneity prior to analysis.
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Figure 2.4 Resultant analyte emission intensities as a function of
sample grinding time for sol-gel films doped with NIST SRM 1884a
Portland Cement. (rf power = 40W, discharge gas = 4 Torr Ar: 2
Torr He).

Table 2.3 demonstrates the reproducibility obtained in the sample
preparation, mounting, and analysis of un-doped and doped sol-gels for
the

different

grinding

times. The

sample-to-sample

reproducibility

(expressed as %RSD) of the integrated (250 sec) emission intensities is
better than 5 %RSD at each of the target analyte channels for three
replicate (n=3) sol-gel castings of the spectroscopic blank (i.e., the undoped sol-gel). With regards to the Portland cement doped sol-gel
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- expressed as % RSD for triplicate (n=3) castings

Table 2.3 Precision1 of analytical responses for different grinding times for NIST SRM 1884a
Portland Cement. (rf power = 40 W, discharge gas = 4 Torr Ar:2 Torr He)

1

castings, there is some elevation in the sample-to-sample variability, but
there is no clear trend in terms of any improvement or degradation related
to grinding time. There is a slight increase in variability seen across the
board for the 1-min grinding time data. Based on the SEM micrographs of
Fig. 2.3, this is the point at which the initial particle sizes are affected the
most by the grinding and a greater disparity of sizes is seen. Beyond that
grinding time, the sizes and their distribution are lessened.

Effect of Cast-Film Thickness on Emission Characteristics
The earliest studies involving nonconductive sample analysis by rfGD-OES and rf-GDMS revealed a strong dependence of analyte
responses on the thickness of the actual cathode material [40,129,135].
Power losses in the case of insulating material analysis are manifest as
reduced sputtering rates due to lower dc-bias potentials and reduced
excitation/ionization efficiencies through lower electron number densities
(though the actual energies were found to be higher) [136]. While certainly
on a different scale than bulk glasses and typical industrial (oxide)
coatings, the thickness of the applied sol-gel layer may be expected to
have some analytical ramifications. Different numbers of 150 μL aliquots
of the sol-gel mixture, doped with Portland cement, were applied to glass
substrates, spun-cast, and allowed to dry, and their thickness determined
with the diamond stylus profilometer. In the cases of multiple applications,
each layer was applied, spun, and dried before subsequent additions. An

57

average thickness of 3.7 μm was obtained for single-aliquot applications,
with the thickness increasing almost linearly to up to ~11 μm after four
coatings. The average add-layer thickness was ~2.4 μm, reflecting some
better self-wetting or perhaps re-hydration with the subsequent layers in
comparison to the initial application to the glass surface.
In principal, the added sol-gel (oxide) thickness is likely
inconsequential in terms of the 1 mm thick microscope slide supports. This
is borne out in the fact that the steady-state emission responses for the
analyte species do not change appreciably with the film thickness. This
would be expected since the actual compositions are the same. On the
other hand, the thickness of the film will effect the time required to sputter
through the sol-gel matrix and the resultant integrated emission intensities.
One could also imagine that the number of aliquot applications might also
affect the reproducibility and stability of operation. Figure 2.5 shows the
effect of thickness on the integrated responses for major (Si, Mg, S) and
trace (Ti, Cr, Mn) constituents in NIST SRM 1884a Portland Cement. It
should be noted that all the trace element responses shown here were
magnified by a factor of 10 and the Si (I) reduced by a factor of 2 to fit on
the same scale as the main elements. As expected, the greater film
thicknesses produce longer sputtering times and so the integration times
themselves were set to correspond to the point where the Al (I) response
had decreased to its 50% level, defining the interface with the glass
support. The corresponding integrations times were 70, 148, 220, and
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Figure 2.5 Integrated analyte emission intensities as a function of cast
film thickness of sol-gel films doped with NIST SRM 1884a Portland
Cement. (rf power = 40W, discharge gas = 4 Torr Ar: 2 Torr He)
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305 seconds, respectively, for the four different depositions. As can be
seen, the emission intensities do increase in proportion to the integration
time (i.e., film thickness), but in fact all of the responses are relatively
suppressed for the thickest films. On first thought, this might be interpreted
as suppression due to the reduced power coupling through the oxide. This
is countered, though, by the fact that the Ar (I) emission does not change
with sample thickness. Greater wetting and subsequent lateral spreading
of the sol during the successive casting of the films is the likely cause for
reduced responses for the four-aliquot specimens. This agrees with the
lower thickness of the latter additions. It was therefore decided, based on
analytical emission response of the thickness profile, that an optimal
coating of 3 applications of 150 μL each of the sol-gel slurries onto glass
substrate would increase quality of analysis as well as facilitate a quick
analysis times.

Analytical Figures of Merit
As stated previously, one of the more intriguing aspects of the solgel matrix approach to particulate matter analysis is the ability to readily
create calibration sets as well as the formulation of a spectroscopic blank.
Calibration

curves

were

derived

from

sol-gel

preparations

that

incorporated 0.05 to 50 mg of NIST SRM 1884a Portland Cement within
2.6 mL of the primary sol. Table 2.4 presents the calibration functions and
the resultant statistical figures of merit derived using this approach. The
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Table 2.4 Statistical figures of merit for NIST SRM 1884a Portland Cement
along with Urban Particulate Matter certificate and measured concentrations.
(rf power = 40 W, discharge gas = 4 Torr Ar:2 Torr He)
Element–
Transition
(nm)

Response
Function

R2

UPM Certified
Values

UPM
Determined
Values

Al (I) 396.2

y = 1.01x + 0.094

0.987

3.42 ± 0.11 %

3.32 ± 0.29 %

Fe (I) 371.9

y = 2.03x + 0.657

0.994

3.91 ± 0.10 %

4.01 ± 0.53 %

P (I) 177.5

y = 0.154x 0.048

0.989

Cr (I) 425.4

y = 0.986x + 1.032

0.987

403 ± 12 μg g-1

395 ± 17 μg g-1

S (I) 180.7

y = 0.012x +
0.012

0.993

(5.00 %)

8.20 ± 0.65 %

Mn (I) 257.6

y = 0.181x - 0.014

0.989

786 ± 17 μg g-1

713 ± 23 μg g-1

emission data were processed as the ratio of the integrated (250 sec)
emission intensities of analyte responses to those of the Ar (I) 404.4 nm
responses for the same time period, following blank subtraction. In each
case, quite reasonable (given the non-homogeneous nature of the
samples) statistics are realized, as high levels of correlation exist for all
the elements. In each case, triplicate calibration samples were analyzed;
with better than 5% RSD variation realized for each concentration set.
Also presented in table 2.4 are the certified and determined values
for a number of elements present in the NIST SRM 1648 Urban
Particulate Matter (UPM).

In this case, 20 mg of the UPM was

immobilized in the sol, and the Portland cement-generated response
functions employed for quantification. As can be seen, good agreement is
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achieved between the two values for the metallic elements. This is a
particularly encouraging result given the vast disparities in the two base
matrices; CaO and SiO2 for the Portland cement and SiO2, sulfate, and
carbonaceous material (presumably) for the UPM. The one major disparity
occurs for the determined sulfur value in the UPM. In the Portland cement,
the reported value representing “sulfur” is actually for SO3, while for the
UPM, separate values are given for elemental S and SO3. In both
instances, the sulfur-related values for the UPM are provided only as
information, and are not certified. Based simply on stoichiometry, the SO3
value in the UPM would yield an elemental value of ~6.2%, not the
provided 5.0%. So, while the calibration response for S (I) emission is well
behaved, it is not surprising that the determined value is in error.
Limits of detection (LOD) can be generated from the Portland
cement calibration data using the relative standard deviation for the
analyte transition responses in the blank sol-gels as the background
value, LOD = 3σblank/m (where σblank is the standard deviation of the blank
values and m is the slope of the response function). The calculated LODs
for some of the main and trace elements are presented for the Portland
cement in Table 2.5. As can be seen, the values here are generally in the
single microgram per gram level, far below the representative levels of
these elements for this matrix. These values are consistent with other
values for elements in nonconductive (oxide) matrices obtained in the
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Table 2.5 Limits of detection for various elements in NIST SRM 1884a
Portland Cement. (rf power = 40 W, discharge gas = 4 Torr Ar:2 Torr
Element–Transition
(nm)

Detection Limits
μg g-1

Absolute Detection
Limits

Al (I) 396.2

7.6

26 ng

Ca (II) 393.4

15

52 ng

Fe (I) 371.9

1.3

4 ng

P (I) 177.5

0.83

3 ng

Mn (I) 257.6

0.49

2 ng

laboratory by rf-GD-OES [116,119,120]. Based on an assumption of an
~0.8% sample content and 450 μl sol deposition, absolute detection limits
on the order of single to tens of nanograms are realized. It should be
noted that limits of detection for this methodology are in-line with typical
techniques for detection of Portland cement (0.2-10 μg/g) outlined in the
introduction of this work [99,100,109-112]. Given the fact that the sol-gel
preparation method does not include the use of ultra-high purity reagents
and time-consuming digestions, appreciable savings in at least the
operation costs of this approach make it very attractive.
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Conclusion
Demonstrated here is the use of sol-gels as immobilization matrices
for analysis of powder-form samples by radio frequency glow discharge
optical emission spectroscopy (rf-GD-OES). The incorporation of particles
into the liquid sol and spin-casting onto simple microscope slides is a
convenient way to process these materials without complex dissolution
chemistries. NIST Urban Particulate Matter and Portland Cement were
used as the test samples. Optimum analyte signal responses were
obtained at discharge operating conditions of 40 W applied rf power and
with a mixed gas pressure of 4 Torr argon and 2 Torr helium. The effect
of sample powder grinding time/size showed no pronounced advantages
for using smaller particles than the relatively homogeneous, 75 μm
diameter Portland cement reference material. Certainly, raw samples
would require grinding and homogenization down to this level.

The

anticipated ease of calibration sample preparation and blank subtraction in
the quantification of powder materials was demonstrated using the NIST
Portland Cement SRM to quantify minor and trace species in the Urban
Particulate Matter SRM. Quite acceptable results were achieved for all
elements except sulfur, where there is some level of ambiguity as to the
actual composition within the UPM. The computed limits of detection (0.5
– 15 μg g-1) are well in line with other oxide matrices analyzed by rf-GDOES, and certainly well below what is needed for these two example
matrices. Future work will include studies of different sol-gel precursor
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monomers to achieve different physical structure characteristics. In
addition, the use of aqueous standards and spiking of the sols will be
investigated. The ability to rapidly prepare the samples and the maintained
ability to determine non-metals such as nitrogen and phosphorous will be
employed for determination of bio-molecules such as nucleotides and
amino acids.
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CHAPTER 3
NON-METAL ELEMETNAL DETECTION BY RADIO-FREQUENCY
GLOW DISCHARGE OPTICAL-EMISSION SPECROMETRY
(RF-GD-OES) FOR DETERMINATION OF SOL-GEL
IMMOBLIZED NUCLOETIDES
Introduction
The identification of non-metals such as phosphorus, sulfur and
carbon has become an area of intense analytical research because nonmetals are the most abundant elements in biomolecules such as nucleic
acids, lipids, proteins, and carbohydrates [137,138].

As an example,

phosphorus is present in proteins in the form of phosphorylated sugar
groups and in nucleotides as a phosphate group attached to a five-carbon
sugar (ribose) unit. Phosphorylation and de-phosphorylation of proteins is
an essential cell signaling process that regulates a wide variety of cellular
events such as signal transduction [139] and energy storage [140], and is
involved

in

many

physiological

processes

that

can

lead

to

neurodegenerative diseases, such as Alzheimer’s and Parkinson’s
diseases [141].
Classic techniques for elemental determinations generally involve
wet chemical and solution-based approaches which include a series of
dissolutions and sample pretreatment steps, which can lead to
conformation changes and denaturation [138,142-145]. An approach that
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allows for detection of biomolecules in their native state without
conformational changes is bio-immobilization. Bio-immobilization involves
the entrapment of biological components into inorganic silicate matrices
formed by a low temperature sol-gel processing method [146-149]. The
sol-gel process has been known for well over a century as a route to form
inorganic glasses [123].

The hydrolysis and condensation of silica

monomers produces a colloidal suspension (sol) and gelation of the sol to
form an inorganic glass (gel) network [123]. Thus, the sol-gel allows for
the creation of many of the same characteristics as glass, without using
chemicals or extreme heat to modify the matrix. Liquid or powder-form
samples can also be added to the sol before casting. The result is that the
biomolecule is immobilized into an oxide matrix formed by the sol-gel
process and their non-metals constituents determined from the solid state.
The most widely used technique for the elemental analysis of
biomolecules following immobilization into a sol-gel matrix is X-ray
fluorescence (XRF) [150-152]. XRF’s primary advantage is its nondestructive nature, as photons are used for the excitation. However, XRF
is generally insensitive for low-atomic number (Z) elements and as such
cannot be applied to many non-metal determinations. Additionally,
scanning electron microscopy with energy dispersive X-ray (SEM/EDX)
analysis

has

been

employed

to

determine

biomolecules

after

bioimmoblization [153-155]. However, SEM/EDX requires the sample to
be electrically conductive for proper operation; therefore chemical
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modification of the sol-gel is needed.

Laser ablation (LA) followed by

inductively coupled plasma (ICP) optical emission spectrometry (OES)/
mass spectrometry (MS) is quite capable of analyzing both conductive and
non-conductive samples [156,157]. A possible drawback to LA-ICP/MS
(that is heavily dependent on the experimental apparatus) is elemental
fractionation and sampling problems with inhomogeneous materials.
Fractionation is a concern because the vapor produced is usually not a
stoichiometric representation of the solid sample. In terms of biomolecule
identification through non-metal stoichiometry, atmospheric pressure
plasmas suffer from contamination from ambient atmosphere.
Radio frequency (rf) powered glow discharge optical emission
spectroscopy (rf-GD-OES) has become an attractive tool for direct solids
analysis due to it’s ability to directly atomize both conductive and nonconductive solid samples [9,12,113,114]. Previous research in this
laboratory has shown a primary advantage of rf-GD-OES for solids
analysis is the ability to detect non-metallic elements (e.g. nitrogen and
oxygen) as well as low-Z elements such as boron in glass matrix samples
[115,116]. Davis et al. developed and demonstrated sample preparation of
Portland cement and coal fly ash powders using a sol-gel method [121].
More recently, Brewer et al. have optimized the analysis of powdered
materials in a sol-gel matrix by rf-GD-OES through the determination of
the roles of particle size, sol-gel thickness, and operation conditions. The
sol-gel process easily allows incorporation of both liquid and solid material
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into the sol mixture, followed by casting onto a support as a film.
Ultimately, the sol-gel process achieves a reliable and repeatable sample
preparation for rf-GD analysis of liquid or powder material, e.g. lyophilized
nucleotides. However, aforementioned sol-gel immobilization research
done in the laboratory concentrated solely on metallic elemental detection
and did not take advantage of the glow discharges ability to readily
determine non-metallic elements due to its inert atmosphere.
Presented here is a further example of the use of the sol-gel
prepared films as the sample matrix for rf-GD-OES analysis. Slurries of
lyophilized, powdered nucleotides were incorporated into the films and
analyzed

for

their

non-metal

content.

Sol-gel

oxides

based

on

methyltrimethoxysilane (mTMOS) were employed as the matrix for the
analysis of powdered nucleotide material.

The resultant films were

analyzed to determine the optimum discharge operating conditions by
monitoring optical emission lines of a number of analytes contained within
the nucleotides. Calibration curves were generated by doping mTMOS
solutions with varying amounts of the nucleotides. The sample preparation
technique also allows for the synthesis of undoped samples that can be
used as analytical blanks and the generation of true matrix-matched
standards. The analytical response of phosphorous and oxygen, indicative
of the degree of phosphorylation present within the nucleotide, was
confirmed and demonstrated as a method for nucleotide identification via
their empirical formulae.
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Experimental
Sol-gel Film Preparation
Sol-gel stock solutions were prepared using microliter pipets by
mixing 2100 µL methyltrimethoxysilane (MTMOS) (Acros Organics, New
Jersey), 560 µL 0.1 M HCl doped with solid nucleic acids (Fisher
Scientific, Pittsburgh, PA) and allowed to stir for ten minutes. Primary
stock solutions (1 mg mL-1 nucleotide in 0.1 M HCl) of the individual
lyophilized powdered nucleotides (AMP, ADP, ATP, and KH2PO4) (SigmaAldrich, St. Louis, MO, USA) were added to the sol-gel solutions to form
slurries. Three sequential applications (150 µL each) of the slurries were
then spun cast (Chemat Technology Spin Coater model KW-4a) onto (2.5
x 2.5 cm) glass microscope slides (Fisher Scientific, Pittsburgh, PA) for 13
seconds each at 7000 rpm, resulting in an apparently dry (i.e., no residual
solvent) film of ~9 μm thickness [158]. The presence of residual solvent
would have deleterious effects on the fundamental plasma processes and
lead to instability and compromised operation. Once cast, the films were
allowed to cure in a desiccator at room temperature until analysis on the
same day. The same procedure was followed for preparing the sol-gel
analytical blank, with the omission of the analyte.

Instrumentation
A JY RF-5000 (Jobin-Yvon, Division of Instruments SA, Edison, NJ)
optical spectrometer was employed for all analytical measurements. This
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instrument is a 0.5 m Paschen-Runge polychromator that is presently
outfitted with 26 optical channels; each sampled at a rate of 2 kHz [115].
The source optical emission is focused onto a 2400 groove/mm ion-etched
holographic grating via a MgF2 plano-convex lens. The optical path is
nitrogen purged, allowing for emission detection over a range of 110 – 620
nm with a practical resolution of ~ 0.01 nm. The glow discharge source
was operated using a mixed gas configuration, which provides control
over sputter rate by means of mixing helium gas with the standard argon
discharge

gas.

Spectrometer

control

and

data

acquisition

was

accomplished by Jobin Yvon’s Quantum 2000 ver. 1.1 software on a
Hewlett Packard Vectra VE computer.

Data files were then exported,

processed, and managed in the form of Microsoft (Seattle, WA, USA)
Excel files.
The discharge cell (anode) is a 9 x 5 x 5 cm stainless steel cube in
a modified Marcus-Grimm type configuration [40,128,129].

A ceramic

spacer ensures a constant anode-to-cathode distance of 0.5 mm. A 4 mm
i.d. limiting orifice (anode) was employed for all of the described studies.
The flat glass sample support is placed against the water-cooled copper
cathode backing block and sealed against a PTFE O-ring by a
pneumatically controlled piston. A Dressler (Berlin, Germany) generator
and matching network supplied rf power to the back of the sample
cathode. Discharge gas pressure in the GD source was monitored with a
silicon diaphragm pressure transducer (model PX811-005 Omega,
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Stamford, CT) and a matching controller/meter (model DP41-S Omega,
Stamford, CT). The pressure transducer allowed the absolute pressures
of both Ar and He to be measured without bias at a resolution of ~ 0.2
Torr.

Results and Discussion
Optimization of Discharge Operation Parameters
For the characterization of the sol-gel films using a glow discharge
source, the optimum discharge conditions needed to be determined
through an investigation of power and mixed gas (Ar:He) pressure. The
applied rf power influences the sputter rate, while the mixture of Ar and He
discharge effects both the excitation and sputtering characteristics
[12,121,130,158]. The dependence of non-metal emission intensities for
phosphorous and oxygen, which are major elements in AMP were
evaluated across a range of discharge gas pressures and compositions
for rf powers of 25 and 20 Watts. In this set of experiments, the total gas
pressure is varied from 0 Torr Ar: 4 Torr He to 4 Torr Ar: 0 Torr He, and
then from the pure Ar at a base pressure of 4 Torr, with increasing
amounts of He, up to 4 Torr Ar: 3 Torr He composition. The optimal
phosphorus and oxygen response occurred at a mixed gas pressure of 3
Torr Ar and 2 Torr He and an rf power of 25 Watts. The non-metal
responses studied here are similar to previous metal species studies using
the sol-gel immobilization technique [121,158]. An increase in power from
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25W to 30W and above would cause cracking and breaking of the glass
as well as uneven sputtering of the sol-gel film due to the high power
density, causing poor plasma stability and thus leading to low or poor
analyte responses. It should be noted that all of the analyte species
across the suite of nucleotides showed similar responses to changes in
operational parameters as those of AMP.

Temporal Aspects of Non-Metal Analyte Emission Responses
Once the optimal power and pressures were determined, the temporal
aspects of the non-metal analyte emission responses for the entrapped
nucleotides in the sol-gel were investigated to identify the transition from
the sol-gel (analyte-rich region) to the glass substrate. Figure 3.1 depicts
the temporal characteristics and depth profiles for an ADP-doped film
presented in two formats. The responses in Fig. 3.1a are the raw PMT
signals for the monitored elements as a function of sputtering time, while
Fig. 3.1b are the analyte intensities normalized by the Ar (I) response as a
function of time. This mode effectively cancels any variations in plasma
excitation efficiency. The transition from sol-gel to the glass substrate is
readily identified by the decrease in N (I) response (present in nucleotides)
and the increase in Mn (I) and Ca (I) which are present at higher levels in
glass. As can be seen, the sol-gel is totally ablated at ~150 sec,
demonstrating the quick analysis time using this method. For all
subsequent experiments statistics were integrated over the time period of
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A

B

Figure 3.1 Exhaustive sputtering profiles of sol-gel film doped with ADP.
a) raw emission intensities and b) analyte responses ratioed to Ar (I). (rf
power = 25W, discharge gas = 3 Torr Ar: 2 Torr He).
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150 sec. Figures 3.1a and b also demonstrate the relative stability of the
analyte emission and by extension the homogeneity of the analyte
distribution within the sol-gel casting. Blank subtraction of the data is
easily achieved by subtraction of the emission signal from undoped sol-gel
samples. All of the elemental responses (in both the blank and doped solgels) were ratioed to the argon signal to correct for any fluctuations in the
plasma excitation conditions in all subsequent studies [119,129,133].

Characterization of Analytical Responses of Non-Metal Constituents
Quantitative and qualitative determinations of the nucleotides require that
their non-metal elemental concentrations must be related to the
concentration of the parent molecule (the actual analyte) via the empirical
formula. Thus, calibration quality must be assessed in terms of both
elemental quantification and stoichiometric response relationships. These
aspects are demonstrated in the determination of phosphorous, oxygen,
carbon and nitrogen.

Analytical response curves for P (I) 214.9 nm

emission resultant from AMP, ADP, ATP, and KH2PO4 over the
concentration range of 0.05 – 500 μg g-1 are shown in Fig. 3.2 on a
double-logarithmic scale. KH2PO4 was used as a reference compound in
this experiment as it represents an in-volatile, ionic compound that may
behave differently from the organo-phosphate nucleic acids. Clearly, a
linear correlation exists between the P (I) signal and nucleotide
content over the four orders of magnitude in concentration as presented in
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Figure 3.2 Double logarithmic analyte response curves for P (I) 214.9 nm
emission intensity in ATP,ADP,AMP, and KH2PO4. Error bars not seen
are within the size of the symbols. (rf power = 25W, discharge gas = 3
Torr Ar: 2 Torr He).
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Table 3.1. There are distinct differences in the sensitivities for the different
degrees of phosphorylation as the slopes and intensities increase
proceeding from the mono- to di- and triphosphates as the phosphorous
has

a

greater

fractional

content

at

the

fixed

nucleotide

mass

concentrations (9, 15, and 18% respectively). A very different emission
yield is seen for the inorganic salt, where the responses are quite less
than the nucleotides on a per-unit-mass basis (P accounts for 22% of the
compound’s mass). This may reflect the difference between covalent and
ionic compounds or the likely higher volatility of the organo-phosphate
species.
Table 3.1 also presents the resultant statistical figures of merit
derived from Fig. 3.2. The emission intensity data were processed as the
ratio of the integrated (150s) emission intensities of the analyte responses
to those of the Ar (I) 404.4 nm response for the same time period,
following blank subtraction. As suggested by the error bars in the figure,
the sample-to-sample reproducibility was quite good as triplicate samples
yielded better than 7% RSD variation across the set of standards. Based
on linear regression statistics and using the relative standard deviation for
the analyte transition response in the blank sol-gels, limit of detection
(LOD) values were calculated from LOD = 3σblank/m. LODs where obtained
ranging from 1.9 μg g-1 (205 pg absolute) for ATP to 5.6 μg g-1 (620 pg
absolute) AMP for phosphorous in nucleotides, with the more highly
phophorylated nucleic acids naturally yielding lower levels of detectability.
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AMP
ADP
ATP
AMP
ADP
ATP

O (I) 130.2 nm

O (I) 130.2 nm

O (I) 130.2 nm

N (I) 149.3 nm

N (I) 149.3 nm

N (I) 149.3 nm

AMP

C (I) 193.0 nm

ATP

KH2PO4

P (I) 214.9nm

C (I) 193.0 nm

ATP

P (I) 214.9nm

ADP

ADP

P (I) 214.9nm

C (I) 193.0 nm

AMP

Non-Metal
Analyte

P (I) 214.9nm

Element

y = 1.32x + 1.68

y = 1.38x + 1.73

y = 1.34x + 1.74

y = 10.3x – 2.81

y = 7.92x – 1.34

y = 5.24x – 0.676

y = 2.29x – 3.22

y = 2.27x – 3.19

y = 2.34x – 3.14

y = 0.458x – 3.29

y = 2.98x – 2.81

y = 1.68x – 3.03

y = 0.895x – 3.34

Response Function

0.991

0.982

0.993

0.987

0.984

0.999

0.986

0.997

0.989

0.968

0.999

0.996

0.999

Accuracy
(R2)

1.1

1.2

1.1

0.03

0.06

0.13

0.56

0.58

0.54

6.8

1.9

2.8

5.6

Detection Limits
(µg g-1)

125

130

120

3.8

6.2

14

62

64

60

750

205

310

620

Absolute
(pg)

Table 3.1 Response characteristics for phosphorus, carbon, oxygen, and nitrogen constituents in nucleotides.

These LODs are consistent with values for other elements in nonconductive (oxide) matrices obtained in the laboratory by rf-GD-OES
[116,119,158]. To the best of our knowledge, there are no other literature
reports for the determination of nucleotides bioimmobilized in a sol-gel
matrix.
The next step in the characterization of the nucleotides was the
determination of possible relationships between molecular formula and
analyte (phosphorous) response. Ideally, the P (I) emission intensities
would be proportional to the absolute number of phosphorous atoms
(elemental concentration) in the sol-gel matrix but would also be
proportional to the number of phosphorous atoms in the individual
nucleotides in the case of equimolar phosphorous sol-gel matrices. The
stoichiometric response of the phosphorous emission (which represents
the degree of phosphorylation) is illustrated for 50 μg g-1 nucleotide doping
levels in Fig. 3.3a.

In addition to the stoichiometric response of

phosphorous, the combination of the oxygen and phosphorous emission
responses, would offer a more accurate measure of the degree of
phosphorylation. Shown in Fig. 3.3b is the relationship between the sum of
the optical responses of phosphorous and oxygen (50 μg g-1) to the actual
number of phosphorus and oxygen atoms in the three nucleotides.
Determining the oxygen and phosphorous in phosphates is easily
achieved with rf-GD-OES since the excitation and detection environments
are in an inert atmosphere; therefore free of any atmospheric
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a

b

Figure 3.3 Stoichiometric relationships in analyte element responses. a) P
(I) emission intensity as a function of the number of P atoms present per
molecule of the nucleotides, b) Additive P (I) and O (I) emission intensities
as a function of the number of phosphorous and oxygen atoms present per
molecule of the nucleotides. (dopant level = 50 μg g-1, rf power = 25W,
discharge gas = 3 Torr Ar: 2 Torr He).
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interferences. It is also a direct reflection of the high level of atomization
and excitation efficiency within the GD environment, suggestive of the
general use of this approach to a wide range of speciation applications.
In order for the validity of the rf-GD-OES technique to be verified for
the determinations of empirical formulas of species such as basic
nucleotides, stoichiometric relationships must be realized for other nonmetal elements; therefore determination of nitrogen, carbon and oxygen
for nucleotides was also undertaken. Table 3.2 presents the molecular
weight as well as the stoichiometric content of the non-metals in the
nucleotides, and Table 3.1 summarizes the statistical figures of merit
derived from the calibration functions for C (I) 193.0 nm, O (I) 130.2 nm
and N (I) 149.3 nm emission responses from AMP, ADP and ATP for
nucleotide concentrations ranging from 0.05 to 500 μg g-1. The sample to
sample reproducibility of the integrated (150 sec) emission intensities is
better than 8% RSD at each of the target analyte channels for the three
replicate sol-gel castings of spectroscopic blanks (ie, undoped sol-gels)
and doped samples (containing analyte). Clearly seen in Table 3.1 is the
fact that C (I) and N (I) are in good agreement with one another according
to the molecular formulae (i.e., the slopes of their response functions are
virtually identical). On the other hand, oxygen is present at different
amounts based on the phosphorylation state (Table 3.2). This difference
in oxygen content for each nucleotide is represented by the different
slopes in Table 3.1. Low limits of detection were achieved for each of
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Table 3.2 Molecular weight and constituent element stoichiometry for
analyzed nucleotides.

Nucleotide

Molecular Weight
(g mole-1)
Phosphorous

Atoms per molecule
Oxygen Nitrogen Carbon

AMP

345

1

7

5

10

ADP

404

2

10

5

10

ATP

505

3

13

5

10

these elements, highlighting the sensitivity of this technique for non-metal
determinations. In fact, the values here are far below the levels of these
elements in the actual sol-gel matrix itself, further illustrating the ability to
differentiate the analyte-originating species from what is common
background in all other elemental spectroscopy methods.

Nucleotide Empirical Formula Determinations
Evaluation of the rf-GD-OES system’s capabilities for the
determination of immobilized biomolecule identities is the fundamental
goal of this project. The basic approach involves determining the empirical
formulae of various nucleotides through the ratio of the emission
intensities of the component non-metal elements. As shown in Table 3.1,
the responses (slopes) of carbon, oxygen, phosphorous and nitrogen
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atomic emission reflect the molecular formulae of the respective
nucleotides. Therefore, the intensity ratios of the component elements
should translate into accurate empirical formulae. Figure 3.4 illustrates this
strategy for the simple case of combining the data from phosphorous and
oxygen, carbon, and nitrogen, respectively. Shown in Fig. 3.4a are the
relationships between the ratios of P (I)/C (I) and P (I)/O (I) integrated
emission intensities to the actual ratio of those elements for the suite of
nucleotides. The corresponding values for P (I)/N (I) are presented in Fig.
3.4b. As can be seen in the plots and corresponding regression data, the
anticipated linear relationships hold true with a high degree of correlation,
clearly demonstrating the system’s ability to discriminate the identities of
the nucleotides based on non-metal element-specific detection. While the
stoichiometric information alone will not help in the identification of an
unknown compound in a sample without some form of offline fraction
collection of the individual nucleotides followed by bio-immoblization, it is
clear that the rf-GD-OES systems holds sufficient promise to warrant
further investigation of non-metals immobilized in a sol-gel matrix.
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Figure 3.4 Comparison of experimentally obtained a) P (I) 214.9 nm/C (I)
193.0 nm and P (I) 214.9 nm/O (I) 130.2 nm values and b) P (I) 214.9 nm/N
(I) 149.3 nm emission intensity ratios to the actual atom ratios for the suite of
nucleotides. Error bars reflect propagation of errors in P (I) and C (I), O (I), N
(I) measurements and resulting variance in composition.
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Conclusion
Demonstrated here is the use of sol-gels as immobilization matrices
for the analysis of non-metal elements by radiofrequency glow discharge
optical emission spectroscopy (rf-GD-OES). Nucleotides are employed
here as an example of a suite of molecules where identification via the
stoichiometry of non-metals would be desirable.

The incorporation of

nucleotides into the liquid sol and spin-casting onto simple microscope
slides is a convenient way to process these materials without complex
dissolution chemistries. The optimum analyte signal responses were
obtained at discharge operating conditions of 25 W applied rf power and
with a mixed gas pressure of 3 Torr argon and 2 Torr helium. The ease of
calibration sample preparation and blank subtraction in the quantification
of nucleotides was demonstrated. The determination of phosphorous,
carbon, oxygen and nitrogen for the suite of nucleotides (AMP, ADP and
ATP) can be achieved quite readily with reproducible results using this
system. Studies of P (I), C (I), O (I) and N (I) emission responses suggest
a capability for empirical formula determinations, highlighting the potential
of the rf-GD-OES as a species-specific non-metal detector for solid
biomolecule analysis. Future studies will involve determination of proteins
through the metal atom/sulfur emission intensity ratios of metalloproteins.
In addition, other methods of substrate preparation including the epitaxial
deposition of silicon monoxide onto aluminum substrates allowing for solgel adhesion to the metal substrate will be studied.
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CHAPTER 4
DETERMINATION OF PHOSPHOROUS AND CARBON IN
PHOSPHORYLATED DEOXYNUCLEOTIDES VIA PARTICLE
BEAM/HOLLOW CATHODE GLOW DISCHARGE OPTICAL
EMISSION SPECTROSCOPY (PB/HC-OES)
Introduction
Traditionally, the quantification of metal containing proteins has
been accomplished through the determination of metal ions naturally
present in proteins or in metal-derivatized proteins due to the high
sensitivity of atomic spectroscopic detection methods [159]. Recent trends
however, have focused on the identification of non-metal elements such
as phosphorus, sulfur, and carbon in biomolecules and proteins [137,138].
Phosphorus is typically analyzed because it is one of the most abundant
elements in proteins in the form of phosphorylated sugar groups and in
nucleotides as a phosphate group attached to a five-carbon sugar (ribose)
unit. Phosphorylation and de-phosphorylation of cell proteins are essential
signaling processes that regulate a wide variety of cellular events such as
signal transduction [139] and energy storage [140], and is involved in
many physiological processes that can lead to neurodegenerative
diseases, such as Alzheimer’s and Parkinson’s diseases [141].
The classic technique for specific detection of phosphorous
associated with phosphorylated biomolecules is radioisotope labeling (32P
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or

33

P), with subsequent separation by anion-exchange chromatography

and quantification by scintillation counting [140,160]. In addition to the
obvious concerns associated with radioisotope handling and disposal, low
incorporation

yields

and

experimental

difficulties

in

structural

characterization of the phosphorylated proteins (or peptides) following
their detection have hindered this technique [138,143,161]. Detection of
phosphorous by atomic emission has been demonstrated by Chernetsova
et al. providing analytically useful information for phosphorous containing
compounds [162]. In addition, coupling of liquid chromatography (LC) to
inductively coupled plasma mass spectrometry or optical emission
spectrometry (ICP-MS or OES) has recently been successfully applied to
the detection of phosphorus [142,144,161,163,164]. Direct coupling has
increased the biochemical application of the ICP, allowing for speciation
and more accurate analysis of individual components [145,164]. Recently,
ICP-OES has been employed to determine the quantity of phosphorous
from the phosphodiester backbone of a purified oligonucleotide based on
the stoichiometric existence of phosphorous, with detection limits on the
sub-nanogram per milliliter level [165,166]. While ICP-OES can provide
valuable quantification information of phosphorous in biomolecules with
low levels of detection, it suffers from three issues related to sample
pretreatment; first, efficient removal of the extra phosphorous sources
introduced in sample pretreatment, second, quantitative recovery of
phosphorous through the sample pretreatment, and third the purity of the
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analyte (DNA, oligonucleotide, nucleotide, etc.) after sample pretreatment.
Swartz et al. have shown that phosphorous can be detected in viruses,
such as Haemophilus influenzae type b, with detection limits on the subnanogram per milliliter level, but involving a complicated sample
pretreatment process [167].
While on the surface ICP-MS should offer appreciable advantages
over ICP-OES in terms of limits of detection, determinations of important
non-metals (e.g., P and S) are very challenging. Namely, the presence of
entrained gases and solute remnants (often from buffer solutions) in the
atmospheric pressure ICP source limits the technique’s ability to
determine elements such as O, N, H, and C due to high background
signals. More problematic is the presence of molecular ions incorporating
those

elements.

As

a

specific

example,

ICP-MS

suffers

isobaric/polyatomic interferences for detection of monoisotopic
species such as

14

N16O1H+,

15

N16O+, and

14

31

from

P from

N17O+, decreasing selectivity

and sensitivity [168]. Overcoming such interferences is achieved with the
use of double-focusing or collision cell instrumentation, but at a high
monetary price and operation overhead (personnel and supplies), which
has limited its use in routine clinical laboratories. The quantitative
determination of DNA adducts using LC-high resolution ICP-MS has been
demonstrated by Siethoff and coworkers with detection limits in the
picogram range [169]. The coupling of an HPLC to a sector-field ICP-MS
has been shown to provide stoichiometric information about the reaction of
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cisplatin with guanosine monophosphate [164,170] Additionally, Wind et
al. [144] have demonstrated the ability of the ICP-MS to accurately
determine the degree of phosphorylation of phosphoproteins and
phosphopeptides using capillary liquid chromatography HR-ICP-MS. On
the other hand, Bandura et al. [137] have recently demonstrated the ability
of collision/reaction cell ICP-MS to detect phosphorous and sulfur in
proteins with sub-nanogram per milliliter detection limits, while also
determining the degree of phosphorylation of proteins.
In this laboratory, we have developed the use of a particle
beam/hollow cathode-optical emission spectroscopy (PB/HC-OES) source
as an on-line, element-specific liquid chromatography detector. The
PB/HC-OES system combines the excellent atomization and excitation
capabilities of the GD source [7] with efficient solvent vapor removal of
the particle beam [53,79], providing a versatile tool for metal,
organometallic, and non-metal analysis [63,171]. The particle beam
interface provides a means of employing spectrochemical detection for LC
eluents while maintaining natural chromatographic characteristics such as
retention/elution quality and solvent gradient compatibility with a wide
range of solvent polarities and flow rates. The PB interface separates
analyte from the liquid mobile phase, which allows for analyte enrichment
through a series of three processes: 1) nebulization, 2) desolvation and 3)
momentum separation, ultimately transferring the dry analyte particles into
the detection source without the remnants of the mobile phase that cause
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spectroscopic background interferences. In combination with a simple
spectrometer system, metal elements have been readily determined on
the ng mL-1 level, equivalent to single ng absolute mass level [63,82,171].
Non-metal detection has been illustrated in previous works for the analysis
of a series of aliphatic amino acids [63,82], aromatic amino acids, and
protein analysis [60,61,172], based on the carbon and hydrogen emission,
with absolute detection limits on the single-ppb (ng mL-1) level. It was
found that amino acids can be distinguished from one another by virtue of
their empirical formulae, e.g., C-to-H and H-to-N.
Recently, total protein determinations have been performed on the
PB/HC-OES system through the monitoring of carbon atomic emission
resultant from injected bovine serum albumin (BSA) [61]. A complete
optimization study was undertaken reflecting the roles of nebulization
conditions, solvent composition, desolvation conditions, and glow
discharge source parameters. Detection limits for BSA were determined
down to 15 ng mL-1 (3 ng absolute) over the concentration range of 0.025
to 100 µg mL-1. Although the PB/HC-OES technique for protein
determination was shown to be fast, accurate, simple, and sensitive,
suppression of the C (I) analyte response at the lower concentration end
of the calibration curves was observed. This is a common occurrence with
PB interfaces, wherein low mass analyte particles are lost in the
momentum separator along with solvent molecules [79]. This low analyte
signal could be remedied by taking advantage of the so-called ‘carrier
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effect’ which increases the solute particle mass. Simply put, the carrier
agent creates larger particles through a co-precipitate between the analyte
and carrier agent within the evaporating droplet, ultimately leading to the
creation of larger particles (~1-10 µm) which improves analyte response
and calibration curves. Larger particles gain more momentum and suffer
less severe particle loss during the momentum separation process [53].
The same approach was applied by Jin et al. to total protein
determinations, where a series of non-volatile salts [61,172] and silica
micro-particles [60] were investigated as possible carrier for BSA
standards. The analyte responses and figures of merit were obtained with
different amounts of KCl, KNO3, NH4COOH and silica micro-particles
added as part of the sample matrices. In all cases the carrier agents
improved the detectability of BSA by the PB/HC-OES system in
comparison to the case of neat (aqueous) solution injection matrices.
Based on the linear regression statistics of the calibration curves and the
use of triplicate sample injections, the detection limits for BSA were in the
single-ng level for KCl and silica micro-particle carriers, but greater
sensitivity was observed with KCl. Thus KCl was found to exhibit the best
overall carrier effect.
Presented here is further expansion of the use of the PB/HC-OES
system to the determination of phosphorus as a key element in protein
function. Towards that end, nucleotides were chosen as a simple test
system for the determinations of phosphorous and carbon optical
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emission. A detailed parametric optimization study including sample
introduction parameters, discharge operation conditions, and solution
composition is described.

Roles of individual parameters have been

studied, with the composite optimized conditions employed for the
analytical evaluation. The analytical characterization was performed for a
suite

of

nucleotide

adenosine-diphosphate

standards:
(ADP),

deoxycytosine-triphosphate

adenosine-monophosphate

(AMP),

deoxyadenosine-triphosphate

(dATP),

(dCTP)

and

deoxyguanine-triphosphate

(dGTP). The stoichiometric response of phosphorous, indicative of the
degree of phosphate present within the nucleotide was also determined.
The results here demonstrate high sensitivity for applications requiring
low-level nucleic acid detection, with limits of detection on the singlenanogram level. The feasibility of this method for nucleotide identification
via the determination of empirical formulas was also demonstrated
through comparison of measured P (I)/C (I) emission intensity ratio to the
actual atom number ratios across the suite of nucleotides. The preliminary
results demonstrated here suggest that future development of this method
for more complicated solutions requiring chromatographic separation is
warranted.

By extension, it is envisioned that the degree of

phosphorylation of proteins can be determined by this method along with
determinations of metal content and monitoring of various chemical
modifications.
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Experimental
Sample Preparation and Solution Delivery
High purity (~1018 MΩ cm-1) Nanopure water (Barnstead, Dubuque,
IA, USA) and methanol (Fisher Scientific, Fair Lawn, NJ, USA) were used
for sample preparation and the mobile phase solutions. A phosphorous
elemental standard (SPEX Plasma Standards, Metuchen, NJ, USA) was
used to make a phosphorous stock solution (500 µg mL-1); (SPEX Plasma
Standards, Metuchen, NJ, USA). Primary stock solutions (100 µg mL-1) of
individual nucleotides (AMP, ADP, dATP, dCTP and dGTP; Sigma-Aldrich,
St. Louis, MO, USA) were prepared in Nanopure water. The stock
solutions of nucleic acid were eventually diluted in 200 µg mL-1 KCl prior to
analysis. The eluent solution was delivered by a Waters (Milford, MA,
USA) Model 510 high-performance liquid chromatography pump at a flow
rate of 0.7 mL min-1. All analyte measurements were conducted in a flow
injection mode with the samples being introduced into the flowing liquid
stream through a Rheodyne (Rheodyne Inc., Cotati, CA USA) Model 7520
manual sample injection loop with a volume of 200 μL.

Hollow Cathode Glow Discharge Source
The components of the PB/HC-OES source instrumentation as
shown in Figure 4.1 are basically the same as applied in previous studies
[61,63,82]. The hollow cathode is mounted at the center of a stainless
steel “thermoblock”, which serves as the (grounded) anode of the GD
circuit. The source vacuum port, discharge gas inlet, pressure gauge,
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electrical feedthroughs, and heating components are also located in the
thermoblock. The entire thermoblock is heated for efficient sample
vaporization and atomization by a pair of cartridge heaters (Model SC
2515, Scientific Instrument Services, Ringoes, NJ, USA), with the block
temperature monitored by a W-Re thermocouple. The gas pressure within
the glow discharge source is monitored by a Pirani-type vacuum gauge
(VRC Model 912011, Pittsburgh, PA, USA). The hollow cathode discharge
is powered by a Bertan (Hicksville, NY, USA) Model 915-1N supply,
operating in the constant-current mode over the range of 20-80 mA.
Helium is used as the discharge gas in this study because
discharge gas ions are not required to sputter analyte material into the
plasma, therefore the low mass of helium atoms is not problematic. On the
other hand, the high He metastable-atom levels (19.77 and 20.55 eV) are
able to provide energy for molecular dissociation as well as excite the
analyte atoms. The high energy electron populations produced in the He
plasma, more efficiently dissociate molecular species as well as
contributing to phosphorus and carbon excitation [131].

Particle Beam Interface
A Thermabeam (Extrel Corp., Pittsburgh, PA) particle beam LC/MS
interface is employed to couple the liquid flow with the hollow cathode
glow discharge source as shown in Fig. 4.1. The interface consists of a
thermoconcentric nebulizer, a heated spray chamber, and a two-stage
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momentum separator. The liquid sample is introduced via the HPLC flow
into a fused-silica capillary (110 μm i.d.) mounted within a stainless steel
tube (1.6 mm o.d.). A dc potential difference placed across the two ends of
the stainless steel tube results in resistive heating, adding a thermal
component to the aerosol formation to help desolvate the liquid drops. A
coaxial flow of helium gas between the central fused-silica capillary and
outer stainless steel tubing serves as a sheath gas facilitating heat
conduction into the capillary and to break up the liquid at the capillary tip
(i.e., pneumatic nebulization). The resulting fine aerosol is directed into a
35 mm diameter, 110 mm long steel spray chamber wrapped in electrical
heating tape. The operating temperature of the chamber was fixed at
150°C. The separation of the aerosol (a mixture of He gas and analyte,
carrier and solvent) is achieved by a two-stage momentum separator,
which skims away the relatively low-mass nebulizer gas (He) and eluent
solvent vapors leaving dry analyte particle on the scale of 1-10 µm. The
resultant beam of dry particles enters the heated hollow cathode
discharge

volume

for

subsequent

excitation.
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vaporization,

atomization,

and
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Figure 4.1 Schematic diagram of LC-PB/HC-OES system
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Optical Spectrometer and Data Acquisition
Optical emission from the hollow cathode discharge is sampled
using a plano-convex fused-silica lens such that the image of the
excitation region is focused at a ratio of ~1:1 on the entrance slit of the
spectrometer. A 1.0 m Czerny-Turner monochromator equipped with a
3600 grooves mm-1 holographic grating (Jobin-Yvon 38, Longjumeau,
France) is employed for optical monitoring. Atomic emission signals,
detected by a photomultiplier tube (PMT) (Hamamatsu Model R955,
Hamamatsu City, Japan) are then converted into voltage signals with a
current meter. A personal computer is employed to record the voltage
output of the current meter via a National Instruments (Austin, TX, USA)
PCI-6221 interface board. An X-Y recorder-type program within National
Instruments LabView 7.1 software environment has been developed for
acquisition of the optical responses. The data is processed in the form of
Microsoft (Redmond, WA, USA) Excel files. Steady-state peak (singlewavelength) intensities are reported for the case of studying the role of
solvent composition on the spectral background. The analyte responses
are reported as integrated intensities due to discrete sample injections.
Transient peak areas are calculated by integrating the total signal from the
peak starting point, over the flow injection peak width, after subtracting the
background for an analogous time frame with smoothing of the data
points. The reported values are self-consistent within each set of
experiments involving a given analyte element, but cannot be compared
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between the different analyte species as PMT voltages, etc. are not held
constant.

Results and Discussion
Effect of Discharge Conditions
Different from most cases requiring spectrochemical analysis of
metals in aqueous samples, the analyte biomolecules here must be
stoichiometrically and quantitatively converted to the target analyte (P and
C) atoms and then excited with high efficiency. The optimum discharge
conditions need to be determined through variation of the discharge
current and the helium discharge gas pressure on analyte emission
response. Previous work has shown that vaporization from the HC walls is
the primary means of generating gas-phase molecules and fragments
[83]. Dissociation of the injected molecular species may occur during the
vaporization process or through collisions with electrons, ions, and neutral
particles in the gas phase [7]. Inelastic collisions with electrons and
collisions with massive particles with coincident potential energy transfer
(i.e. Penning collisions) contribute to the excitation process.

It has

generally been found with other analyte systems that the optimum HCOES response occurs at high currents and low gas pressures [61,82,173].
As shown in Fig. 4.2a for 200 µL injections of 150 µg mL-1 dATP, the P (I)
214.9 nm emission intensity increased proportionally with discharge
current demonstrating a case where discharge current controls the extent
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of sample excitation through increases in the electron number density
[37,38]. Higher discharge currents result in higher free electron density,
resulting in larger extents of excitation. Above 60 mA, a decrease in
emission intensity is observed, which has not been seen before using this
system. This phenomenon is possibly due to self-absorption as an
increase in current can increase access to non-emitting pathways.
Secondary discharges, common in some GD sources, have been ruled
out as a means of draining energy at high currents in this case as there is
no electrical or physical evidence of such. More unlikely, though possible,
is the potential for greater extents of post atomization reactions,
decreasing the free atom population. A discharge of 60 mA was used for
analysis of nucleic acid analyses described herein.
Discharge gas pressure plays an important role in collisional
processes as increases in pressure increase the gas-phase collision
frequency [7]. As such, high gas pressures would tend to increase the
efficiency of molecular species dissociation if this were a prominent
mechanism.

Alternatively,

electron

energies

decrease

along

with

discharge maintenance voltage because of increased gas density and
therefore the net excitation efficiency is decreased when electron impact is
the primary excitation mechanism. These counteracting aspects are
demonstrated in Fig. 4.2b for the injection of the 150 µg mL-1 dATP
analyte for a fixed discharge current of 60 mA. The P (I) emission intensity
response passes through a maximum as the He discharge gas pressure is
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Figure 4.2a Effect of discharge current on P (I) 214.9 nm emission intensity.
Solvent = 50:50 MeOH:H2O; flow rate = 0.7 mL min-1; nebulizer tip temp =
240°C; HC block temp = 160°C; nebulizer gas flow rate = ~800 mL min-1;
source pressure = 1 Torr He.

Figure 4.2b Effect of He gas pressure on P (I) 214.9 nm emission
intensity. Solvent = 50:50 MeOH:H2O; flow rate = 0.7 mL min-1; nebulizer
tip temp = 240°C; HC block temp = 160°C; nebulizer gas flow rate = ~800
mL min-1; discharge current = 60mA.
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increased from ~0.2 to 1.0 Torr, decreasing with increased gas pressure.
This response is interpreted as a combination of the above-described
phenomena, where increased pressure improves gas-phase dissociation,
but

ultimately

begins

to

suppress

electron

impact

energetics.

Alternatively, this type of response might also be expected for the case
where Penning collisions are prominent; for the same basic reasons.
Secondary discharges, common at high pressures in GD sources, have
been ruled out again as there is no electrical or physical evidence of such.
A pressure of 1.0 Torr He was chosen as the operating pressure for the
remainder of these studies.

Effect of Carrier Agents on Analyte Response
As stated earlier, a depression in analyte signals is observed at low
analyte concentrations in virtually all particle beam systems [53], caused
by loss of small analyte particles in the momentum separation step.
Previous PB/HC-OES work performed within this group has shown a
definite analytical signal enhancement (across all concentrations) with the
addition of ‘carrier agents’, KCl and HCl, through enhanced transport
efficiency via increased particle sizes [171,172]. Recently, Jin et al. have
shown that KCl and CaCl2 at 200 µg mL-1 as carrier agents offered the
greatest increase in sensitivity and accuracy for proteins (BSA) by PB/HCOES [61]. Fig. 4.3 depicts P (I) 214.9 nm response curves with the
addition of carrier salts, 200 µg mL-1 ammonium acetate (NH4COOH),
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Figure 4.3 Analyte response curves for P (I) 214.9 nm emission
intensity with carrier salts. Solvent = 50:50 MeOH:H2O; flow rate
= 0.7 mL min-1; nebulizer tip temp = 240°C; HC block temp =
160°C; nebulizer gas flow rate = ~800 mL min-1; source pressure
= 1 Torr He; discharge current = 60mA.
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potassium chloride (KCl) and calcium chloride (CaCl2) as the injection
matrices. The addition of 200 µg mL-1 NH4COOH and CaCl2 as a carrier
agent for P yielded a 2.4- and 3.1-fold increase in sensitivity, while a 200
µg mL-1 KCl carrier agent yielded a 3.4-fold increase in sensitivity over
neat aqueous solutions, especially at low concentration levels. The P (I)
responses showed improved calibration behavior (R2) and detection limits
with the addition of each of the carrier salts, as presented in Table 4.1.
From these results it was decided to include 200 µg mL-1 of KCl as a
carrier agent for the suite of nucleotides to aid in sensitivity and detection
limits, where a value of 1.3 µg mL-1 (0.3 ng absolute) was achieved for the
phosphorus stock solution.

Table 4.1 P (I) 214.9 nm response characteristics as a function of
sample injection matrix.

Carrier salt
Response Function
injection matrices
P (I) 214.9 nm

R2

Detection Limits

Absolute Mass
(200 µL injection volume)

P(H2O)

y=0.547x+0.125

0.996

-1
46 µg mL (1.5 mM)

9 ng

P(NH4COOH)

y=1.34x+0.460

0.999

9.8 µg mL-1 (320 µM)

2 ng

P(CaCl2)

y=1.71x+2.89

0.998

-1
4.1 µg mL (130 µM)

0.8 ng

P(KCl)

y=1.88x+3.53

0.999

-1
1.3 µg mL (40 µM)

0.3 ng
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Characterization of Nucleotide Analytical Responses
The PB/HC-OES was employed to distinguish a suite of
nucleotides. You et al. and Dempster et al. demonstrated the ability of the
PB/HC-OES system to analyze both organic and biomolecules providing
both quantitative and qualitative information [63,82]. In these analyses,
elemental concentration must be related to the concentration of the parent
molecule (the actual analyte) via the empirical formula. Thus, calibration
quality must be assessed in terms of both elemental quantification and
empirical response relationships. These aspects are demonstrated in the
determination of both phosphorous and carbon in concentration and
molecular composition terms for the suite of nucleotides. Analytical
response curves for P (I) 214.9 nm emission resultant from AMP, ADP,
dATP, dCTP and dGTP standards dissolved in a salt concentration of 200
µg mL-1 KCl are shown in Fig. 4.4 on a double-logarithmic scale. The
datum represents triplicate 200 µL injections over the concentration range
of 0.01 to 100 µg mL-1 for each nucleotide. The variability for the sets of
triplicate injections is in the range of 3-12% RSD. A linear correlation
between the P (I) signal and nucleotide content over these four orders of
magnitude in concentration is clearly present in the response curves. Note
that there are distinct differences in the sensitivities for the different
degrees of phosphorylation as the slopes and intensities increase
proportionally in proceeding from the mono-, to di-, and triphosphates.
Key to the use of the PB/HC-OES method in qualitative analyses is the
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Figure 4.4 Double logarithmic analyte response curves for P (I)
214.9 nm emission intensity in dATP, dCTP, dGTP, AMP and ADP.
Carrier salt 200 μg mL-1 KCl. All other conditions the same as Fig. 3.
Error bars not seen are within the size of the symbols.
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fact that the three triphosphate species share very similar response
characteristics.
Table 4.2 presents the statistical figures of merit derived from the
calibration functions of Fig. 4.4. Based on the linear regression statistics of
the response curves and the use of triplicate solvent blank injections,
limits of detection (3σblank/m) were obtained ranging from 0.31 µg mL-1
(0.54 µM) for dGTP to 1.0 µg mL-1 (2.94 µM) for AMP (9-34 ng in absolute
terms) for P in the nucleotides. As described previously, ICP-MS and
OES can be more sensitive methods than the PB/HC-OES on a
concentration basis, but there are no appreciable differences in the
techniques on an absolute mass basis. At this stage, though, they require
chemical

modification

steps

and

ICP-MS

suffers

from

many

isobaric/polyatomic interferences for elemental P detection. Collision cell
or dynamic reaction cell ICP-MS can help to alleviate these interferences,
but are quite expensive in comparison to PB/HC-OES.
The quantification range and the linearity depicted in the calibration
curve (Fig. 4.4) demonstrate the feasibility of the practical application of
the PB/HC- OES system for the basic elemental analysis of phosphorous
in

nucleotides

under

HPLC

separation

conditions

(i.e.,

ion-

pairing/exchange). On the other hand Fig. 4.5 illustrates a freedom of
species dependence between the three triphosphates (dATP, dCTP,
dGTP) for the measured P (I) emission intensities, even at the lowest
concentrations. In each case, while the identity of the nucleobase is
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Table 4.2 P (I) 214.9 nm response characteristics for the suite of nucleotides.
Nucleotide Response Function
P (I) 214.9 nm

R2

Detection Limits

Absolute Mass
(200 μL injection volume)

AMP

y=1.58x+13.4

0.986

1.0 μg mL-1 (2.94 μM)

34 ng

ADP

y=3.07x+20.6

0.986

0.53 μg mL-1 (1.16 μM)

19 ng

dATP

y=4.47x+49.7

0.988

0.37 μg mL-1 (0.66 μM)

12 ng

dCTP

y=4.81x+48.0

0.987

0.34 μg mL-1 (0.64 μM)

11 ng

dGTP

y=5.27x+55.4

0.986

0.31 μg mL-1 (0.54 μM)

9 ng

different, the respective P (I) responses are statistically indifferent.
Triplicate injections in the lower concentration range demonstrated higher
levels of correlation, highlighting the effectiveness of carrier addition. It
should be noted that P could not be detected below a concentration of 0.1
µg mL-1 for AMP and 0.05 µg mL-1 for ADP. Triphosphates were easily
observed at much lower levels in comparison to mono and diphosphates.
This is easily understood by the fact that more phosphorous is available
for excitation because there are more phosphates present within the
triphosphates. The next step in the characterization of the nucleotides was
the determination of possible relationships between molecular formulae
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Figure 4.5 Scale expansion of lower concentration range of the P
(I) response curves (Fig. 4) of the triphosphates.
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and analyte (phosphorous) response. Ideally, the P (I) emission intensities
would be proportional to the absolute number of phosphorous atoms
(elemental concentration) in the injected sample but would also be
proportional to the number of phosphorous atoms in the individual
nucleotides in the case of equimolar P sample injections. The
stoichiometric response of the P emission (which represents the degree of
phosphorylation) is illustrated for 1 mM nucleotide solutions in Fig. 4.6,
highlighting two facts. First, the phosphorous emission intensity increased
proportionally to the number of phosphorous atoms presents. Second, the
high level of agreement between the P (I) responses and the stoichiometry
of the nucleotides suggests that this approach will be useful in assessing
the degree of phosphorylation of nucleotides. It is believed that the high
level of atomization and excitation efficiency within the HC environment
produces analyte responses that can be correlated to absolute
phosphorous concentrations.
In order for the PB/HC-OES technique’s validity to be verified for
the determinations of empirical formulas of species such as basic
nucleotides, and further yet to the determinations of the degree of
phosphorylation of proteins, stoichiometric relationships must be realized
for other elements; therefore determination of carbon for nucleotides was
also undertaken. Carbon was analyzed because it is one of the most
abundant elements in nucleotides and previous work in this laboratory has
shown that the PB/HC-OES system is quite sensitive (LODs = 3 ng) to C
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Figure 4.6 P (I) emission intensity as a function of the number of P
atoms present in nucleotides, 1 mM concentration.
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(I) 193.0 nm emission response [61]. Analytical response curves for C (I)
193.0 nm emission resultant from AMP, ADP, dATP, dCTP and dGTP
standards dissolved in a carrier salt concentration of 200 µg mL-1 are
shown in Fig. 4.7 on a double logarithmic scale for nucleotide
concentrations ranging from 0.01 to 100 µg mL-1. The variability for all of
the sets of triplicate injections is in the range of 2-8% RSD. Linear
regression statistics of the response curves and the use of triplicate
solvent blank injections yielded limits of detection ranging from 10 ng mL-1
(18 nM) for ADP to 16 ng mL-1 (30 nM) for dCTP (20 - 32 pg in absolute
terms) for C in the suite of nucleotides, shown in Table 4.3. Clearly seen in
the figure is the fact that the C (I) responses for the suite of nucleotides
are in agreement with one another according to their molecular formulae.
In this case, the adenosine and guanine bases have the same carbon
content (5 atoms per nucleobase), while the cytosine has a lower molar
carbon content (4 atoms per nucleobase). The two base types, also have
different chemical structures which may also contribute to two distinct sets
of response characteristics. Figure 4.8 illustrates the high level of
sensitivity and precision of the method through the obtained spectroscopic
transients for triplicate 200 µL injections of 0.1 µg mL-1 dATP (~8 ng C
injected).
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Figure 4.7 Double logarithmic analyte response curves for C (I)
193.0 nm emission intensity in dATP, dCTP, dGTP, AMP and ADP.
Carrier salt 200 μg mL-1 KCl. All other conditions the same as Fig. 3.
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Table 4.3. C (I) 193.0 nm response characteristics for the suite of nucleotides
Nucleotide

Response Function
C (I) 193.0 nm

R2

Detection Limits

Absolute Mass
(200 µL injection volume)

AMP

y=15.5x+141

0.989

11 ng mL-1 (17 nM)

22 pg

ADP

y=15.7x+145

0.989

-1
10 ng mL (18 nM)

20 pg

dATP

y=15.6x+147

0.988

11 ng mL-1 (19 nM)

22 pg

dCTP

y=10.6x+68.1

0.968

16 ng mL (30 nM)

32 pg

dGTP

y=15.8x+143

0.988

-1
10 ng mL (17 nM)

20 pg

-1

Figure 4.8 C (I) 193.0 nm emission transients for triplicate 200 μL
injections of 0.1 μg mL-1 dATP.
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Nucleotide Empirical Formula Determinations
Evaluation of the PB/HC-OES system’s capabilities for the
determination of phosphorylated nucleotide identities is a fundamental
goal of this project. Previous studies in this group showing the emission
responses of C, H, and N in amino acids by PB/HC-AES demonstrated the
potential of this technique for determination of empirical formulas in
organic

compounds

[63,82].

The

basic

approach

here

involves

determining the empirical formulas of various nucleotides through the ratio
of the emission intensities of the component elements. As shown in Figs.
4.4 and 4.7, the responses of both phosphorous and carbon atomic
emission are reflective of the molecular formulas of the respective
nucleotides.

The analytically relevant approach would be to use the

intensity ratios of the component elements and translate them to empirical
formulas. Figure 4.9 illustrates this strategy for the very simple case of
combining the data from the phosphorous and carbon response curves.
Shown in this figure is the relationship between the ratios of P (I)/C (I)
integrated emission intensities to the actual ratio of those elements in the
suite of nucleotides. As can be seen in the plot and corresponding
regression data, the anticipated linear dependences hold true with a high
degree of correlation (R2 = 0.9882), clearly demonstrating the system’s
ability to discriminate the identities of the nucleotides based on elementspecific detection. Even more encouraging is the fact that this level of
agreement exists for data obtained for each element on different days and
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Figure 4.9 Comparison of experimentally obtained P (I) 214.9 nm/C (I)
193.0 nm emission intensity ratios to the actual atom ratios (P/C) for
the suite of nucleotides. Error bars reflect propagation of errors in P
(I) and C (I) measurements and resulting variance in composition.
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under data acquisition conditions. Further improved accuracy would be
expected in the case of simultaneous P (I) and C (I) detection. The
method is limited in that there are no compositional differences between
adenosine- and guanosine-based nucleotides. While the nucleotides used
in this experiment may not be considered to be representative of the entire
range of DNA and RNA building blocks, it is clear that the PB/HC-OES
system holds promise to warrant further investigation as a means of
determining empirical formulas of nucleic acids in general or the target
application of the degrees of protein phosphorylation without the need for
fluorescence- or radio-labeling of the proteins.

Conclusions
The potential of the PB/HC-OES system as an element-specific
detector for nucleotide determinations has been demonstrated. Use of the
particle beam interface to remove latent solvent species facilitates the
sample preparation procedure and enhances the feasibility of interfacing
liquid chromatography to the system.

The evaluation of operating

conditions demonstrated the need for high current densities and modest
He gas pressures for the detection of phosphorous. With the addition of
KCl as a carrier salt, significant improvements in the sensitivity were
observed as well as a decrease in detection limits with R2 values on the
order of 0.99. The analytical response curves for P (I) emission were
obtained for inorganic species, as well nucleotides. The determination of
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phosphorous and carbon in five nucleotides (AMP, ADP, dATP, dCTP and
dGTP) can be achieved quite readily with reproducible results using this
system. Studies of P (I) and C (I) emission response suggest a capability
for empirical formula determination highlighting the potential of PB/HCOES as a species specific detector for LC. Future studies will involve
determination of the degree of phosphorylation of proteins through
sulfur/phosphorous ratios and other protein modifications through the
metal atom/carbon emission intensity ratios of metalloproteins.
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CHAPTER 5
SEPARATION AND DETERMINATION OF FE-CONTAINING PROTEINS
VIA LIQUID CHROMATOGRAPHY-PARTICLE BEAM/HOLLOW
CATHODE-OPTICAL EMISSION SPECTROSCOPY (LC-PB/HC-OES)
Introduction
Metal-binding proteins are a major focus of research in biology and
medicine due to various cellular functions such as oxygen transportation,
respiration and storage [174-177]. These proteins also play a crucial role
in a number of key metabolic processes, with one-third of all enzymes
being metalloproteins [178]. The metals contained within the protein
typically fulfill structural functions and/or are essential for catalytic activity.
In living organisms, more than a third of cellular proteins have a functional
requirement for at least one catalytic or structural metal ion [174]. In
addition to proteins that employ metals, there are a variety of metalbinding proteins that import, export, and transport metals within the cell,
assemble metallocenters, detoxify the cytoplasm, and regulate expression
of the various protein factors [175,176,179]. Specifically, iron plays a vital
catalytic and structural role in numerous metalloproteins [180]. Under
physiological conditions, ferrous ion in the presence of peroxides or oxides
can oxidize to ferric ion, catalyzing the formation of highly damaging
oxygen radicals [181-183].
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Several methods are available for the detection of iron in proteins.
For example, the spectrophotometric detection of metal complexes with 4(2-pyridylazo)resorcinol (PAR) [184,185] is a rapid, sensitive and
convenient technique that is ubiquitous for quantitative metal analyses at
very low (nanomole) levels.

However, individual metals are difficult to

distinguish using PAR because of the poorly distinguished overlapping
spectral characteristics of the chelated metals [185]. Furthermore, the
PAR assay is quantitative only when there is complete release of the
metal from the denatured proteins into solution. An assortment of atomic
absorption spectrophotometry techniques, including graphite furnace
atomic absorption spectrometry (GFAAS) [186] and

flame atomic

absorption spectrometry (FAAS) [187] have been employed for the
detection of Fe in proteins. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) [188-190] and inductively coupled plasma mass
spectrometry (ICP-MS) [191-194] have demonstrated accurate detection
of iron-containing metalloproteins. However, as described in subsequent
paragraphs, a variety of chemical and spectroscopic interferences can
represent additional limitations for both types of ICP analysis. Of perhaps
greatest consequence is the incompatibility of the ICP with high levels of
organic solvents at flow rates common to reversed-phase liquid
chromatography separations. On the other hand, ICP is quite capable of
iron excitation and dissociation, and is probably the most analyticallyrelevant approach for metal analysis in bulk solution.
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Detection of metal constituents in proteins does not provide
complete quantitative or qualitative information about the protein.
Therefore,

more

information

metalloprotein species.

is

needed

to

completely

determine

Obviously, some molecular-based method of

detection (e.g. MALDI or electrospray MS) would provide the most
unambiguous

means

of

protein

determination,

but

elemental

determinations can be used as signatures of target proteins. In order to
achieve this, determination of non-metal elements (in addition to metals)
may be employed as a means of gaining more compositional information
about the analyte protein.

Taken a step further, the ratio of selected

elements can provide more definitive species-specific information for
protein identification (or at least differentiation). The quantification of
analyte-originating non-metal elements (e.g. H, N, C and O) is a very
difficult

task

when

analyses

are

performed

in

open-atmosphere

environments and in the presence of solvent species. More specifically,
the atomic spectroscopy methods presented above suffer from the
presence of entrained gases and solute remnants (often from buffer
solutions) in the atmospheric pressure sources, limiting the techniques’
abilities to determine non-metals contained within the proteins.

This

situation is somewhat simplified when the non-metal element is either
sulfur or phosphorous, which are not prominent in the atmosphere (though
they are in some buffer systems). These elements can be quantified via
ICP-OES at levels that are of general utility [195,196]. In the case of ICP-
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MS, possible interferences from molecular ions incorporating non-metals
from

atmosphere

determinations.

As

can
a

lead

to

specific

complications
example,

isobaric/polyatomic interferences for detection of
40

in

ICP-MS
56

metalloprotein
suffers

from

Fe species such as the

Ar16O+, decreasing selectivity and sensitivity [194,197].

The use of

sector field or collision/reaction cell instruments has overcome many
problems with Fe determinations (as a common example), but at a high
overhead cost and instrument complexity in comparison to OES detection
[194]. ICP-MS methods have also been described for determinations of
non-metals such as S and P, permitting protein determinations with higher
levels of specificity [163,198]. Finally, synchrotron techniques have been
utilized for the detailed analysis of metalloproteins, providing quantitative
information of iron in liver, but they are not a practical solution for the
everyday screening of small amounts of protein [199,200].
In this laboratory, we have developed the use of a particle
beam/hollow cathode-optical emission spectroscopy (PB/HC-OES) source
as an on-line, element-specific liquid chromatography detector. The
PB/HC-OES system combines the excellent atomization and excitation
capabilities of the GD source [7] with efficient solvent vapor removal of the
particle beam [53,79], thus providing a versatile tool for metal,
organometallic, and non-metal analysis [63,171]. The particle beam
interface provides a means of maintaining natural chromatographic
characteristics such as retention/elution quality and solvent gradient
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compatibility with a wide range of solvent polarities and flow rates. The PB
interface separates analyte from the liquid mobile phase through a series
of three processes: 1) nebulization, 2) desolvation and 3) momentum
separation, ultimately transferring the dry analyte particles into the
detection source without mobile phase remnants that cause spectroscopic
background. In combination with a simple optical spectrometer system,
metal elements have been readily determined using PB/HC-OES on the
ng mL-1 level, equivalent to the single ng absolute mass level [63,82,171].
More specifically, metals such as copper salts [83,201], and selenium
[202,203] and lead organometallic [82] compounds have been readily
determined using this system with low (single-ppb) detection limits.
Non-metal element detection has been illustrated in previous
PB/HC-OES works for the analysis of a series of aliphatic amino acids
[63,82], aromatic amino acids [82], and proteins [61,172,173] based on the
constituent carbon and hydrogen optical emission, with absolute detection
limits on the single-ppb (ng mL-1) level. Key to the use of this method was
the ability to determine the non-metal constituents of the amino acids,
allowing for more specific distinction of the amino acids from on one
another by virtue of their empirical formulae, e.g., C-to-H and H-to-N. This
approach has been used by Brewer and Marcus for the determination of
nucleotides through monitoring of phosphorus and carbon emission with
detection limits in the single-ppb (ng mL-1) for P and ppt (pg mL-1) for C
[204].

As

with

the

previous

experiments
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the

nucleotides

were

distinguished by their empirical formulas (e.g. P (I)/ C (I)) highlighting the
technique’s ability to provide species-specific information. Recently, total
protein determinations have been performed on the PB/HC-OES system
through the monitoring of carbon atomic emission resultant from injected
bovine serum albumin (BSA) [61,172,173]. Detection limits for BSA were
determined down to 15 ng mL-1 (1 ng absolute) over the concentration
range of 0.025 to 100 µg mL-1.
Presented here is further expansion of the capabilities of the
PB/HC-OES system for the quantitative and qualitative determination of
iron-containing metalloproteins. A suite of iron-containing proteins
(cytochrome C, transferrin, myoglobin, and hemoglobin) was chosen as a
simple test for determinations by iron optical emission responses.
Described is a detailed parametric optimization study including sample
introduction parameters and discharge operation conditions, with the
composite optimized conditions employed for the analytical evaluation.
Determinations of the four iron-metalloproteins included separation by
high performance liquid chromatography (HPLC) and detection by Fe (I)
and S (I) optical emission. Furthermore, the feasibility of this method for
iron metalloprotein identification is shown via the determination of
empirical formulae through the comparison of the measured S (I)/ Fe (I)
emission intensity ratios to the actual atomic number ratios across the
suite of Fe-metalloproteins. Results here demonstrate that speciesspecific Fe-metalloprotein determinations are achievable using the LC-
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PB/HC-OES. It is envisioned that the LC-PB/HC-OES system can act as
a simple detector for many metalloproteins systems.

Experimental
Sample Preparation and Solution Delivery
High purity (~1018 MΩ cm-1) Barnstead Nanopure (Dubuque, IA,
USA) water and acetonitrile (Fisher Scientific, Fair Lawn, NJ, USA) were
used for sample preparation and the mobile phase solutions. Primary
stock solutions (80 mg mL-1) of individual Fe-metalloproteins (transferrin,
myoglobin, cytochrome C and hemoglobin, Sigma-Aldrich, St. Louis, MO,
USA) were prepared in Nanopure water with 0.1% HPLC grade
trifluoroacetic acid (TFA).
The chromatographic system consisted of a Waters (Milford, MA,
USA) Model 600E high-performance liquid chromatography pump with a
six-port Rheodyne injection valve (Model 7520, Rheodyne Inc., Cotati, CA
USA) fitted with a 50 μL injection loop. Separations of the Femetalloproteins were performed on a capillary-channeled polymer (CCPTM) fiber reversed-phase column as described in the following sections
at a flow rate of 2.0 mL min-1 [205]. A Waters 2487 dual wavelength
absorbance detector was employed at 216 nm. The data for the
chromatogram (absorbance vs. elution time) was generated by Millennium
32 Chromatography Manager and further processed in the form of
Microsoft (Redmond, WA, USA) Excel files.
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Chromatographic Columns
Polyester (PET) C-CPTM fibers of 50 μm nominal diameter were
obtained from School of Material Science and Engineering, Clemson
University, and prepared in a manner that was similar to previous methods
[205-208]. The fibers were manually wound onto a circular frame to
accumulate enough strands to tightly fill the stainless cell column (4.6 mm
i.d. X 150 mm length). The fiber loop was pulled through the tubing using
a plastic monofilament (4 lb-test) and passing it through the column. The
initial length of the fibers was such that the fiber ends extended past both
ends of the tubing, with the general alignment being longitudinally parallel.
The excess fiber was trimmed flush with the column ends. The column
ends were sealed with a 0.75 mm thick, 6.35 mm diameter frits (2 μm
pores) and completed with column end fittings from Valco Instruments Co.
Inc. (Houston, TX, USA). The columns were flushed with ACS-grade
acetonitrile and Nanopure water to remove any residual surfactant. Prior
to each run, the C-CPTM fiber column was washed with 100% ACN
containing 0.06% (v v-1) TFA until the baseline absorbance response was
stable, then equilibrated with 100% Nanopure water containing 0.1% (v
v-1) TFA.

Hollow Cathode Glow Discharge Source
The PB/HC-OES source instrumentation shown in Figure 5.1, is
basically the same design as applied in previous studies [204]. The hollow
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cathode is mounted at the center of a stainless steel “thermoblock”, which
serves as the (grounded) anode of the GD circuit. The source vacuum
port, discharge gas inlet, pressure gauge, electrical feedthroughs, and
heating components are also located in the thermoblock.

The entire

thermoblock is heated for efficient sample vaporization and atomization by
a pair of cartridge heaters (Model SC 2515, Scientific Instrument Services,
Ringoes, NJ, USA), with the block temperature monitored by a W-Re
thermocouple.

The gas pressure within the glow discharge source is

monitored by a Pirani-type vacuum gauge (VRC Model 912011,
Pittsburgh, PA, USA). The hollow cathode discharge is powered by a
Bertan (Hicksville, NY, USA) Model 915-1N supply, operating in the
constant-current mode over the range of 20-80 mA.
Helium is used as the discharge gas in this study. The high lying
He metastable-atom levels (19.77 and 20.55 eV) are able to provide
energy for molecular dissociation as well as excite the analyte atoms. In
addition, the high energy electron populations produced in the He plasma
more efficiently dissociate molecular species as well as contributing to the
excitation of analytes such as Fe and S [131].

Particle Beam Interface
A Thermabeam (Extrel Corporation, Pittsburgh, PA) particle beam
LC/MS interface is employed to couple the liquid flow with the hollow
cathode glow discharge source. The interface consists of a
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Figure 5.1 Diagrammatic representation of the HPLC-PB/HC-OES system
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thermoconcentric nebulizer, a heated spray chamber, and a two-stage
momentum separator. The liquid sample is introduced via the HPLC flow
into a fused-silica capillary (110 μm i.d.) mounted within a stainless steel
tube (1.6 mm o.d.). A dc potential difference placed across the two ends
of the stainless steel tube results in resistive heating, adding a thermal
component to the aerosol formation to help desolvate the liquid drops. A
coaxial flow of helium gas between the central fused-silica capillary and
outer stainless steel tubing serves as a sheath gas facilitating heat
conduction into the capillary and to break up the liquid at the capillary tip
(i.e., pneumatic nebulization). The resultant fine aerosol is directed into a
35 mm diameter, 110 mm long steel spray chamber wrapped in electrical
heating tape. The operating temperature of the chamber was fixed at
150oC. The separation of the aerosol (a mixture of He gas and analyte,
carrier and solvent) is achieved by a two-stage momentum separator,
which skims away the relatively low-mass nebulizer gas (He) and eluent
solvent vapors, leaving dry analyte particles on the scale of 1-10 μm
[53,54]. The resultant beam of dry particles enters the heated hollow
cathode discharge volume for subsequent vaporization, atomization, and
excitation.
Optical Spectrometer and Data Acquisition
Optical emission from the hollow cathode discharge is sampled
using a plano-convex fused-silica lens such that the image of the
excitation region is focused at a ratio of ~1:1 on the entrance slit of the
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spectrometer. A nitrogen purged 1.0 m Czerny-Turner monochromator
equipped with a 3600 grooves mm-1 holographic grating (Jobin-Yvon 38,
Longjumeau, France) is employed for optical monitoring. Atomic emission
signals, detected by a photomultiplier tube (PMT) (Hamamatsu Model
R955, Bridgewater, NJ, USA) are then converted into voltage signals with
a digital current meter. A personal computer is employed to record the
output of the voltage meter via a National Instruments (Austin, TX, USA)
PCI-6221 interface board. An X-Y recorder-type program within National
Instruments LabView 7.1 software environment has been developed for
acquisition of the optical responses. The data is processed in the form of
Microsoft (Redmond, WA, USA) Excel files. Peak (single-wavelength)
intensities are reported for the case of studying the role of solvent
composition on the spectral background.

Transient peak areas are

calculated by integrating the total signal from the peak starting point, after
subtracting the background for an analogous time frame with smoothing of
the data points. These values are self-consistent within each study but
vary across experiments involving a given analyte element. In addition
they cannot be compared between the different analyte species as PMT
voltages, etc., are not held constant.
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Results and Discussion
Effect of Discharge Conditions on the Fe (I) Responses
Spectrochemical (elemental) analysis of metalloproteins is based
on the assumption that the conversion of the metal-containing analyte
molecules to free atoms quantitatively. This is challenging for proteins
primarily due to folding of the proteins which can bury the metal inside.
Previous work has shown that vaporization from the HC walls is the
primary means of generating gas-phase molecules and fragments [83].
Further dissociation of molecular species may occur during the
vaporization process or through collisions with electrons, ions, and neutral
particles in the gas phase [7].

As with conventional glow discharge

sources employed in direct solids analysis [116,119] optimum discharge
conditions need to be determined through variation of the discharge
current and the discharge gas (helium) pressure while monitoring the
analyte emission response. It has generally been found with other analyte
systems (i.e., amino acids and proteins) that the optimum HC-OES
response occurs at high currents and low gas pressures [61,82,173]. In
general terms, this reflects the extent of electron impact excitation and
Penning collision processes.
Figure 5.2a depicts the response of the Fe (I) 371.9 nm emission
intensity, for 50 μL injections of 80 mg mL-1 myoglobin, to increases in
discharge current at a fixed pressure of 2 Torr He. The proportional
increase with discharge current reflects the fact that the extent of sample
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excitation increases with the electron number density [37,38].

Higher

discharge currents result in higher free electron density, resulting in larger
extents of excitation and vice versa for low discharge current. Above 60
mA, a decrease in emission intensity is observed, which is similar result to
previous experiments [204]. This phenomenon is possibly due to selfabsorption, as an increase in current can increase access to non-emitting
pathways. Additionally, increased current can better populate higher-lying
states that do not relax through the specific monitored transition.
Secondary discharges, common in some GD sources, have been ruled
out as a means of draining energy at high currents in this case as there is
no electrical or physical evidence of such. More unlikely, though possible,
is the potential for greater extents of post-atomization chemical reactions,
decreasing the free atom population. It should be noted that each of the
iron-metalloproteins studied elicited that same response.

As such a

discharge of 60 mA was used for the remainder of the Fe-metalloprotein
analyses described herein.
Discharge gas pressure plays an important role in collisional
processes as increases in pressure increase the gas-phase collision
frequency [12]. As such, high gas pressures would tend to increase the
efficiency of molecular species dissociation if this is a prominent
occurrence. Conversely, electron energies decrease along with discharge
maintenance voltage because of increased gas density [12]. Therefore the
net excitation efficiency decreases when electron impact is the primary
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a

b

Figure 5.2 Effect of discharge conditions on Fe (I) 371.9 nm emission
intensity for myoglobin. a) role of discharge current and b) role of He
discharge gas pressure. Solvent = 25:75 H2O:ACN, injection volume = 50
μL, flow rate = 2 mL min-1, nebulizer tip temp = 100 °C, nebulizer gas flow
rate = ~800 mL min-1, hollow cathode block temp = 250 °C.
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excitation mechanism. These counteracting processes are demonstrated
in Figure 5.2b for injections of the 80 mg mL-1 myoglobin (200 μg mL-1
iron) at a fixed discharge current of 60 mA. The Fe (I) emission intensity
response passes through a maximum at ~2 Torr as the He discharge gas
pressure is increased from ~0.5 to 4.5 Torr. This response is interpreted
as a combination of the above-described phenomena, where increased
pressure improves gas-phase dissociation, but ultimately begins to
suppress electron impact energetics. Previous results in this lab have
shown similar results with a optimal signal achieved at a pressure of 2
Torr [204]. Here again, each member of the suite of Fe-metalloproteins
showed similar response as the myoglobin. Thus, a pressure of 2.0 Torr
He was chosen as the operating pressure for the remainder of these
studies.

Effect of Nebulizer and Hollow Cathode Block Temperatures on
Analyte Responses
As in other spectochemical techniques where nebulization is
employed, the effect of delivery (i.e. solution flow) rate on the overall
sample introduction efficiency and plasma performance is of concern
[209]. The nebulizer temperature of the thermobeam device plays a crucial
role in the overall performance of the particle beam sample introduction
system. If the temperature is too low, the analyte-containing solution will
not be efficiently nebulized, resulting in gravitational losses of large
droplets in the spray chamber. On the other hand, an excessively high
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temperature can result in desolvation of analyte particles inside the
nebulizer head, eventually clogging the fused-silica capillary.

These

considerations for nebulization are magnified for the suite of ironmetalloproteins studied due to their large molecular weights (Table 5.1),
making them more susceptible to pyrolysis due to their carbon-rich nature.
Figure 5.3 depicts the response of the Fe (I) 371.9 nm emission as a
function of the nebulizer tip temperature for the suite of Fe-containing
metalloproteins. As can be seen for the larger proteins, hemoglobin and
transferrin, 100°C gave an optimal signal while for the smaller proteins,
myoglobin and cytochrome C, 90°C gave an optimal signal. This
difference in optimal temperatures for larger and smaller proteins was
expected because increased thermal energy is required to aerosolize the
metalloproteins based on their relative masses. Results shown here varied

Table 5.1 Molecular weight and stoichiometric content of analyzed.
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Figure 5. 3 Effect of nebulizer tip temperature on Fe (I) 371.9 nm emission intensity for triplicate injections of 200 μg
mL-1 Fe in transferrin, hemoglobin, cytochrome C, myoglobin and denatured myoglobin. Solvent = 25:75 H2O:ACN,
injection volume = 50 μL, flow rate = 2 mL min-1, nebulizer gas flow rate = ~800 mL min-1, hollow cathode block temp
= 235 °C, source pressure = 2 Torr He, discharge current = 60mA.

from previous PB/HC-OES experiments for metals [171] and total protein
[61] analysis where a nebulizer tip temperature of 220°C yielded an
optimal signal. This difference is attributed to the fact that the proteins
studied here are larger and higher temperatures would likely cause
denaturation and surface adsorption (as described below), leading to
clogging. Based on the results of these nebulizer optimization studies a
compromise tip temperature of 95°C was employed for the remainder of
the experiments involving the suite of Fe-metalloproteins. While it would
be desirable that each protein would show the same response to nebulizer
temperature changes, it is perhaps surprising (given the diversity in
proteins) that none of the proteins suffers greater than an ~20% sacrifice
from their optimum response by operation at 95 °C.
The biological activity of a protein is closely linked to its native
structure, which is retained only if critical factors such as temperature, pH,
solvent identity are kept within narrow limits. Outside of these bounds, the
overall structure and conformation of the protein will change, typically
resulting in unfolding of the protein, called denaturation. A conformational
change can result in more or less thermal energy needed to effectively
nebulize and dissociate the iron within the protein using the PB/HC-OES
system. Therefore the effect of denaturating of proteins on the metal
analyte emission response also needs to be accounted for in this study.
Figure 5.3 also shows the response of myoglobin that has been denatured
in 6M guanidinium. Following denaturation, a decrease in the optimal
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nebulizer temperature to ~80°C is observed which is attributed to a
conformation change in the protein exposing more of the protein core as
well as making it more easily desolvated. Additionally, a decrease in Fe
(I) response is seen, which may seem counterintuitive given the fact that
the iron is more available following denaturation. Two possibilities that
could account for the overall decrease in emission intensity; 1) an
increase in hydrodynamic volume is realized which in turn causes
pyrolysis of the protein onto the silica capillary walls decreasing intensity,
or 2) interactions between the denatured myoglobin and the exposed
silanol groups on the silica nebulizer tubing are increased because more
of the metalloprotein core is exposed, decreasing signal intensities.
Pyrolysis and/or increased interactions with the silica capillary tubing were
clearly evident by frequent clogging of nebulizer upon injection of the
denatured metalloprotein. All of the Fe-metalloproteins studied showed
similar results to myoglobin in both the native and denatured states.
The temperature of the hollow cathode walls has a crucial effect on
the response of the analyte atoms/molecules entering into the plasma of
the hollow cathode [171]. There are three modes of atomization that exist
in hollow cathode glow discharges depending on the surface temperature.
If the temperature of the HC source is sufficiently low, cathodic sputtering
is the major mechanism for atomization. When the HC source has modest
temperature (~100°C) both cathodic sputtering and selective vaporization
of volatile compounds may occur. At high HC temperatures (>100°C)
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thermal volatilization predominately contributes to the atomization process
[12]. Early research in this group involving PB/GD clearly indicated the
need to provide a thermal component for sample atomization, beyond the
simple cathodic sputtering process [83,171,210]. Dempster and coworkers demonstrated the presence of species-specific threshold
temperatures for a number of copper salts, above which the emission
intensity increased owning to increased vaporization/atomization efficiency
[83]. Optimal values for the HC using copper salts were found between
250-350°C. However, at excessively high HC temperatures ( > 350°C),
the vaporization efficiency decreased due to pyrolysis of the analytes on
the heated HC wall [83]. Certainly, the later process is of greater concern
for the carbon-rich metalloproteins in this study.
The effect of source block temperature on the resultant Fe (I) 371.9
nm emission response for the suite of Fe-metalloproteins was determined
across the temperature range of 200-270°C, as shown in Figure 5.4.
Clearly seen is the optimal Fe (I) emission response at a HC temperature
of 240°C for transferrin and hemoglobin while at 230°C the optimal
response for myoglobin and cytochrome C was obtained, this again
relates the metalloprotein’s molecular weight and the thermal energy
eeded to vaporize and dissociate the individual metalloproteins. The
observed responses at the lower temperatures (200-220°C) suggest there
is not enough heat available for efficient vaporization. Above 240°C it is
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Figure 5.4 Effect of hollow cathode block temperature on Fe (I) 371.9 nm emission intensity for triplicate injection of
200 μg mL-1 Fe in transferrin, hemoglobin, cytochrome C, myoglobin and denatured myoglobin. Solvent = 25:75
H2O:ACN, injection volume = 50 μL, flow rate = 2 mL min-1, nebulizer tip temp = 95 °C, nebulizer gas flow rate = ~800
mL min-1, source pressure = 2 Torr He, discharge current = 60mA.

n possible that the Fe-metalloproteins form larger molecular aggregates,
which deposit on the HC walls and eventually undergo pyrolysis. This was
evident following cleaning of the instrument as well as during operation: an
increase in current was required following operation at 240°C and above
for extended periods of time. Once pyrolyzed, the proteins have a greatly
reduced volatility and in fact would be much more difficult to dissociate if
they were to enter the gas phase.
The response of the denatured myoglobin is also shown in Fig. 5.4.
A decrease in the optimal HC temperature and a decrease in emission
intensity following denaturation is seen here, as was the case for the study
of the role of the nebulizer tip temperature. When the protein is denatured,
a decrease in the optimum vaporization temperature to ~220ºC is seen,
reflecting the greater ease of dissociation. The overall decrease in iron
emission response is consistent with the interactions of the denatured
myoglobin within the nebulizer capillary. All of the other proteins studied
showed similar responses to myoglobin when denatured. Based on the
results of these studies, a compromise block temperature of 235°C was
employed for the remainder of the experiments.

While it would be

desirable that each protein would show the same response to vaporization
temperature changes, it is again perhaps surprising that none of the
proteins suffers greater than ~20% sacrifice in response at the chosen
compromise vaporization temperature.
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Analytical Figures of Merit
Having optimized the PB/HC-OES system parameters, general
figures of merit were determined for the suite of Fe-metalloproteins.
Analytical response curves were obtained from the Fe (I) 371.9 nm
emission for each of the test proteins. The metalloprotein concentrations
ranged from 0.1 - 100 µg mL-1 of iron in each of the respective
metalloproteins.

The variability in Fe (I) response across each of the

concentrations was <7% RSD. Table 5.2 presents the statistical figures of
merit derived from the calibration functions. The myoglobin, cytochrome C
and hemoglobin exhibit very similar sensitivities (Table 5.2), which is to be
expected because they have similar binding structures, where iron is in
the form of a heme group and held in a heterocyclic ring. An increase in
sensitive for the Fe (I) response in transferrin could be due to the binding
coordination of the iron in the protein. For myoglobin, cytochrome c and
hemoglobin the iron is coordinated in a porphyrin ring [211,212]. Iron in
transferrin is coordinated by two tyrosines, an aspartate and a histidine
amino acid and the coordination sphere is completed by a synergistic
anion [181]. Therefore, since the binding sites for iron in transferrin are not
coordinated in a porphyrin ring, the iron is more readily liberated
[209,210]. We are unfamiliar with any analogous studies in ICP-OES/MS
wherein the response functions of different proteins are compared. Based
on the linear regression statistics of the response curves and the use of

142

Table 5.2 Fe (I) 371.9 nm response function characteristics for suite of
metalloproteins

triplicate solvent blank injections, limits of detection (3σblank/m) for iron
ranged from 0.47 to 1.1 μg mL-1. In each case, a linear dependence with
a high degree of correlation (R2) xists, clearly demonstrating the
technique’s ability to determine iron in metalloproteins. The LODs in these
iron-containing metalloproteins are comparable comparable to previous
results for total protein determination using PB/HC-OES [61,172,173],
and are very comparable to those for metal elements in proteins by ICPOES [188,190,213,214].
In order for the PB/HC-OES technique’s validity to be verified for
protein-specific determinations via empirical formulae, stiochiometric
relationships must be realized for other elements. One of the major
components of proteins is sulfur, which can provide structural support for
the protein in the form of disulfide bond [160]. It also serves as minor
constituent of fats, body fluids and skeletal minerals [160]. Detection and
determination of sulfur is easily achieved using PB/HC-OES due to the
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inert atmosphere. Analytical response curves for S (I) 180.7 nm emission
resultant from the test proteins are shown in Table 5.3 for metalloprotein
concentrations ranging from 0.1 - 100 µg mL-1 of sulfur in each
metalloprotein, representing a range of ~ 2.5 μg mL-1 to 6.1 mg mL-1 of
proteins. The variability for all of the sets of triplicate injections is in the
range of 3-6 % RSD. In the ideal case where protein dissociation occurred
with unit efficiency, there would be no differences in response functions
between the proteins. As in the case of the Fe (I) responses, difference in
slopes (sensitivity) for each of the metalloproteins is likely related to the
accessibility of the sulfur atoms within the proteins for release upon
vaporization, which varies far more greatly than for iron. For example, the
relative number of sulfurs involved in disulfide linkages varies greatly from
protein to protein. Linear regression statistics of the response curves and
use of triplicate solvent blank injections yielded S limits of detection
ranging from 0.26 µg mL-1 for transferrin to 0.81 µg mL-1 for hemoglobin in
the suite of metalloproteins shown in Table 5.3. Lower limits of detection
were achieved for sulfur because the spectral background/noise levels are
far lower than those at the Fe (I) wavelength.
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Table 5.3. S (I) 180.7 nm response function characteristics for suite of
metalloproteins

Separation and Determination of Fe-metalloproteins
In order to realize the complete speciation analysis of Femetalloproteins

via

PB/HC-OES,

a

high

performance

liquid

chromatography (HPLC) separation of the analytes is required. Previous
work in this laboratory has shown that a fast reversed-phased separation
of holo-transferrin, cytochrome C, ribonuclease A and myoglobin is
possible using polyester (PET) capillary-channeled polymer (C-CPTM) fiber
stationary phases [215]. Therefore, a PET fiber column was employed for
the separation of a mixture (~ 1 mg mL-1 protein) of myoglobin,
hemoglobin, transferrin and cytochrome C. A loading time of 2.5 minutes
with Nanopure water was employed prior to initiation of the gradient. A
gradient was applied going from 100:0 (water:acetonitrile) mixture to 25:75
composition over the 2.5-10 min period, as such the total elution time is
less than 10 min. This demonstrates one of the primary advantages of the
PB/HC-OES approach for speciation analysis as gradient elution with a
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75% ACN mobile phase composition and flow rate of 2 mL min-1 cannot be
coupled directly into an ICP source.

a

Figure 5.5a Separation of iron metalloproteins (1 mg mL-1 in protein) on
PET C-CPTM fibers columns at 216 nm UV absorbance detection. PET CCP column, gradient of 100:0 to 25:75 (water:acetonitrile) beginning at t =
2.5 mins and terminating at t = 10 mins, flow rate = 2 mL min-1, nebulizer tip
temp = 95 °C, nebulizer gas flow rate = ~800 mL min-1, hollow cathode
block temp = 235 °C, source pressure = 2 Torr He, discharge current =

146

b

c

Figure 5.5 Separation of iron metalloproteins (1 mg mL-1 in protein) on PET
C-CPTM fibers columns b) Fe (I) 371.9 nm and c) S (I) 180.7 nm detection by
PB/HC-OES. PET C-CP column, gradient of 100:0 to 25:75
(water:acetonitrile) beginning at t = 2.5 mins and terminating at t = 10 mins,
flow rate = 2 mL min-1, nebulizer tip temp = 95 °C, nebulizer gas flow rate =
~800 mL min-1, hollow cathode block temp = 235 °C, source pressure = 2 Torr
He, discharge current = 60mA.

147

Figure 5.5a shows the resulting chromatogram for a 50 μL injection
of the compounds employing UV absorbance detection at 216 nm. One of
the more important aspects of using the LC-PB combination, in general, is
the ability to develop separation strategies independently, without regard
to possible incompatibility with the detection system [53]. Using the PB,
gradient flows are not particularly problematic as the solvent vapors are
pumped away in the interface. The corresponding separation with PB/HCOES detection at the Fe (I) 371.9 nm and S (I) 180.7 nm transitions are
shown if Figs. 5.5b and c, respectively, demonstrating the ability of the PB
interface to preserve the chromatographic integrity of the separation.
Collection of sulfur and iron was not done simultaneously because only a
monochromator is currently available for detection. The transients
obtained by OES appear just slightly later than for UV due to the
difference in flow distance to the PB nebulizer, though the relative peak
elution times (i.e. the selectivity and resolution) are not affected.

The

slight broadening observed in the OES chromatogram is likely due to
lateral diffusion over the course of the longer transit distance. Differences
between the two OES responses reflect the fact that the chromatograms
are derived from two different injections, one at each element’s optical
transition, taken under different PMT conditions and thus not having the
same signal-to-noise and background correction quality.

Clearly, such

variations would diminish in the case of simultaneous, multi-element
monitoring.
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One important point that must be addressed in any form of gradient
elution chromatography is the effect of gradient composition on the
individual analyte response characteristics.

Variations in response are

common in almost all forms of detection, including optical absorption,
optical emission, and mass spectrometry. In the case of the LC-PB/HCOES technique, changes in solvent composition could effect the
nebulization efficiency, the desolvation efficiency, and perhaps lead to
variations in spectral background. It is not likely that solvent composition
would effect the molecular dissociation or analyte excitation processes.
Figure 5.6 depicts the Fe (I) 371.9 nm responses for 50 μL injections of
200 μg mL-1 Fe in myoglobin as a function of discharge current for solvent
compositions ranging from 100:0 to 25:75 H2O:ACN. Overall, the changes
in solvent composition have a relatively small effect on the product Fe (I)
emission. As can be seen in the figure, the changes with respect to
discharge current paralleling each other regardless of the solvent
composition. In every case, the 50:50 H2O:ACN solvent yields the highest
response. One might have expected, based on volatility issues that the
responses for the pure aqueous mobile phase would be the lowest, and
the one with the greatest organic content to be the highest, but this is not
the case.

It is likely that the higher organic content may in fact nebulize

too well, yielding small droplets and resulting particles, which may not
pass efficiently through the momentum separator. As was seen in Fig.
5.2a, the greatest Fe (I) response is seen at a discharge current of 60 mA.
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Figure 5.6 Effect of mobile phase composition on Fe (I) 371.9 nm emission
intensity for triplicate injections of 200 μg mL-1 Fe in myoglobin. Injection
volume = 50 μL, flow rate = 2 mL min-1, nebulizer tip temp = 95 °C,
nebulizer gas flow rate = ~800 mL min-1, hollow cathode block temp = 235
°C, source pressure = 2 Torr He.
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At this current, the total variation in the responses across the range of
solvent compositions (Fig. 5.6) is less than 25%. A similar study of the
role of solvent composition on the Fe (I) responses was also performed
across a range of discharge pressures. Here again, the 50:50 H2O:ACN
solvent yielded the highest response. The uniformity of these data is
attributed to the efficient nebulization and particle desolvation afforded by
the PB interface employed here.
One other important consideration in metal speciation studies is the
uniformity of the resultant elemental response yields.

Ideally, the

elemental responses for the Fe and S analytes on a per-unit-mass basis
would be independent of the protein identity and the eluting LC solvent
composition. Table 5.4 presents the respective elemental concentrations
and integrated optical emission responses for chromatograms of Figs.
5.5b and c. The final column presents the analytical recoveries for the two
elements in units of integrated peak areas per unit concentration. As can
be seen, the yields are indeed in excellent agreement, while the solvent
composition is evolving from ~85:15 to 25:75 H2O:ACN as the four
proteins elute. The variation in the Fe (I) responses is just 7 % RSD, while
that for S (I) is 8 % RSD. We are unaware of analogous comparisons in
the ICP-OES/MS literature.
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Table 5.4 Quantitative iron and sulfur recoveries in metalloprotein separations

Fe-metalloprotein Empirical Formula Determinations
The final step in the development of the LC-PB/HC-OES as a
comprehensive speciation technique involves the multi-element detection
of signature elements present in metalloprotein, including metals and nonmetals, which provide unique analytical responses. The basic approach
here involved determining the empirical formulas of the various Femetalloproteins (Table 5.1) through the ratio of the measured emission
intensities of the component elements Fe and S. Figure 5.7 illustrates this
strategy for the simple case of combining the data obtained from the sulfur
and iron response curves (Tables 5.2 and 5.3). Shown in this figure is the
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relationship between the ratios of S (I)/Fe (I) integrated emission
intensities to the actual ratio of those elements in the suite of Fecontaining proteins. As can be seen in the plot and corresponding
regression data, the anticipated linear dependences hold true with a high
degree of correlation (R2 = 0.999), clearly demonstrating the system’s
ability to discriminate the identities of the metalloproteins based on multielement detection. Further improved accuracy would be expected in the
case of simultaneous Fe (I) and S (I) detection. Even so, it is quite clear
from these data that relatively small differences in stoichiometric
composition can result in significant differences in the relative elemental
responses.
While there are many works describing the potential use of
elemental response ratios to discern protein identities, only the work of
Hahn and co-workers23 does so for a number of proteins and in a
chromatographic mode as illustrated here. ICP-MS with dynamic reaction
cell and sector-field (e.g., high resolution) modes was evaluated following
size exclusion chromatography separation. Fe/S ratios were determined
using different means of internal standardization. The results obtained in a
manner similar to those of Fig. 5.7 resulted in empirical formulae with
accuracies of 7.6 – 16.5% for myoglobin, hemoglobin and cytochrome C.
The errors in stoichiometry obtained here for the same set of proteins
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Figure 5.7 Comparison of experimentally obtained S (I) 180.7 nm/ Fe (I) 371.9 nm emission intensity
ratios to the actual atomic ratios (S/Fe) for the suite of Fe-metalloproteins. Error bars reflect
propagation of errors in S (I) and Fe (I) measurements and resulting variance in composition.

ranged from 7.8 – 8.9%. In both cases, the accuracy displayed would be
quite sufficient to discern the identities of many metalloproteins.

Conclusions
The liquid chromatography-particle beam/hollow cathode-optical
emission spectroscopy (LC-PB/HC-OES) system has been demonstrated
to be a viable approach for the determination of Fe-metalloproteins.
Evaluations of operating conditions demonstrated the need for high
current densities and modest He gas pressures for the detection of Fe (I)
371.9 nm in Fe-containing proteins. The nebulizer tip and hollow cathode
temperatures responses were assessed as tradeoffs between achieving
effective vaporization and detrimental pyrolysis. The quality of the Fe (I)
analytical response curves was evaluated over the iron concentration
range of 0.1 - 100 µg mL-1 within the proteins with detection limits for
triplicate injections down to the ppb/nanogram levels of Fe. Quantification
was also performed on the sulfur content of the same proteins based on S
(I) 180.7 nm optical emission, with similar limits of detection, or slightly
lower, than found for Fe. These figures of merit are very competitive with
the aforementioned spectroscopic techniques with the distinct advantage
of requiring very little sample manipulation and no spectrochemical
interferences from atmospheric species. The reversed-phased HPLC
separation involving high organic content was completed within a short
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time frame, suggesting that the detection method can be seen as an
extension of the chromagraphy; rather than the detection method dictating
the potential modes of chromatography. This is a key attribute of this
methodology.

The Fe (I) emission responses were seen to be fairly

insensitive to the mobile phase composition, with both the Fe and S
emission yields (peak area/concentration) being independent of the
protein identity and HPLC solvent composition. Finally, the combination of
reversed-phase metalloprotein separation with the possibility of empirical
formula determination, demonstrates the potential of the LC-PB/HC-OES
as a simple, species-specific detector for metalloproteins in general.
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CHAPTER 6
DETERMINATION OF “FREE” IRON AND IRON BOUND IN
METALLOPROTEINS VIA LIQUID CHROMATROGRAPHY
SEPARATION AND INDUCTIVELY COUPLED PLASMA-OPTICAL
EMISSION SPECTROSCOPY (LC-ICP-OES) AND PARTICLE
BEAM/HOLLOW CATHODE-OPTICAL EMISSION SPECTROSCOPY
(LC-PB/HC-OES) TECHNIQUES
Introduction
Metal-binding proteins in general play a crucial role in a number of
key

metabolic

processes,

with

one-third

of

all

enzymes

being

metalloproteins [216]. Iron is a ubiquitous element as well as the most
abundant transition metal found in living organisms. Iron is an essential
component

of

many

proteins,

including

those

involving

oxygen

transportation [216]. Thus, iron-containing metalloproteins have become a
major focus of research in biology and in medicine due to their functions
[175-177,216]. Specifically, iron plays a vital catalytic and structural role in
numerous metalloproteins [180]. Under physiological conditions (pH 6.7 to
7.2), ferrous iron in the presence of peroxides or oxides can oxidize to
ferric ion, catalyzing the formation of highly damaging oxygen radicals
[181-183]. The environmental and biological efficacy of iron depends on
factors such as its chemical properties, solubility, and the degree of
chelation or complex formations [217]. The importance of iron-containing
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proteins and iron redox species has necessitated the development of
analytical methods to specifically identify “free” iron from bound iron in
metalloprotiens [218-221].
The determination of non protein-bound iron and iron in
metalloproteins is quite a challenging problem, and is still the topic of
much debate in the scientific community. There have been numerous
techniques utilized for the determination of non protein-bound iron and
iron bound in proteins. Imlay et. al has used electron paramagnetic
resonance to study loosely bound iron and iron bound in proteins in vivo
[181,222,223]. Both flame [187] and graphite furnace [186] atomic
absorption spectrophotometry have been exploited for the analysis of iron
and iron metalloproteins. Nonetheless, inductively coupled plasma optical
emission spectroscopy (ICP-OES) has been the technique of choice for
the determination of trace amounts of iron [188,218,224]. ICP-OES has
become the most popular and widely used technique because of its short
analysis time, sensitivity, multielemental capabilities, large dynamic range
and its ability to completely atomize complex (molecular) analyte species
down the individual elemental forms. Numerous publications have
demonstrated the ability of ICP-OES to accurately detect “free” inorganic
iron [218,225-227] and iron bound in iron-metalloproteins [188-190,214].
Despite ICP-OES’s excellent capacity to determine iron, the simultaneous
determination of “free” iron and bound iron in iron-metalloproteins has not
been explored. Furthermore, a variety of interferences from the presence
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of entrained gases and solute remnants (often from buffer solutions) in the
atmospheric pressure sources can represent additional limitations.
Specifically, for metalloproteins where the detection of the metal
constituents alone does not provide sufficient qualitative information about
the metalloproteins, the determinations of non-metals such as S, N, P, etc
can be problematic.
In this laboratory, the applicability of the particle beam/hollow
cathode-optical emission spectroscopy (PB/HC-OES) source as an online,

element-specific

demonstrated.

The

liquid

chromatography

PB/HC-OES

system

detector

combines

the

has

been

excellent

atomization and excitation capabilities of the glow discharge (GD) source
[7] with the efficient solvent vapor removal of the particle beam, [53,79]
thus providing a versatile tool for metal, organometallic, and non-metal
analysis [63,171].
maintaining

The particle beam interface provides a means of

natural

chromatographic

characteristics

such

as

retention/elution quality and solvent gradient compatibility over a wide
range of solvent polarities and flow rates. The PB interface separates the
analyte from the liquid mobile phase through a series of three processes:
1) nebulization, 2) desolvation and 3) momentum separation, ultimately
transferring the dry analyte particles into the detection source without
mobile phase remnants that can cause high spectroscopic background. In
combination with a simple optical spectrometer system, metal elements
have been readily determined using PB/HC-OES on the ng mL-1 level,
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which is equivalent to single-nanograms of absolute mass [63,82,171].
More specifically, metals such as copper salts [83,201], selenium
[202,203] and lead organometallic [82] compounds have been determined
using this system with low (single-ppb) detection limits. Much like the ICPOES system, the PB/HC-OES determination of metal species alone does
not provide structural information, therefore identification must be
accomplished through retention time of eluting solutes.

Here, though,

sensitive determinations of non-metals can be used to advantageously.
Recently,

species-specific

detection

of

four

iron-containing

metalloproteins (transferrin, hemoglobin, cytochrome C and myoglobin)
has been performed using the PB/HC-OES system [228]. A complete
evaluation was undertaken of the roles of nebulization conditions, solvent
composition and glow discharge source parameters for each ironmetalloprotein. For each iron-containing metalloprotein, iron and sulfur
optical emission was detected following a reversed-phase (RP-HPLC)
separation at relatively high flow rates (2 mL min-1). Detection limits for
both iron and sulfur were on the ppb (ng mL-1) levels, demonstrating the
ability of the PB/HC-OES technique to readily determine iron-containing
metalloproteins based on their iron optical emission and allow for speciesspecific differentiation from one another by virtue of their empirical
formulae, (e.g. Fe-to-S ratios) [228].
Presented here is a comparison between ICP-OES and PB/HCOES for the isolation and determination of non-protein-bound “free” iron
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from iron bound to metalloproteins. The determination of “free” iron and
protein-bound iron has not been accomplished using either technique.
Inorganic iron (II) chloride, holo-transferrin and myoglobin were chosen for
a simple comparison between the two techniques for the determination of
iron optical emission responses. Size exclusion chromatography was used
to isolate the inorganic iron and individual iron-metalloprotein species
followed by subsequent detection by Fe (I) 259.9 nm and S (I) 180.7 nm
optical emission. The respective figures of merit for both techniques are
discussed. The quality of each method was compared as SEC was
coupled into each technique. Additionally, a reversed phase (RP)
separation of the iron test mixture was coupled into the PB/HC-OES
system with Fe (I) 259.9 nm and S (I) 180.7 nm optical emission detection.
Results here demonstrate that Fe-metalloprotein determinations are
achievable using both SEC-ICP-OES and SEC-PB/HC-OES. As a further
step, it is also shown that RP-PB/HC-OES can be used to determine “free”
iron from bound iron metalloproteins, further highlighting the PB/HC-OES
technique as a multi-faceted LC detector.

Experimental
Sample Preparation
Sample

and

mobile

phase

solutions

for

size

exclusion

chromatography were prepared in high purity (~18.2 MΩ cm-1) water from
a Barnstead Nanopure water system. For the size exclusion separation,
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primary stock solutions (80 mg mL-1) of individual Fe-metalloproteins
(holo-transferrin and myoglobin, Sigma-Aldrich, St. Louis, MO, USA) and
1000 µg mL-1 of iron (II) chloride (Sigma-Aldrich, St. Louis, MO, USA)
were prepared in Nanopure water and the pH adjusted to 5.0 with
hydrochloric acid (Fisher Scientific, Fair Lawn, NJ, USA). However, there
was a problem with the bovine holo-transferrin protein. Sigma-Aldrich
certifies holo-transferrin as having three equivalents of iron per protein,
nonetheless iron can only be protein-bound in two specific sites in
transferrin. Therefore, in order to determine the iron equivalences in the
holo-transferrin,

UV-Vis

spectroscopy

was

used.

The

protein

concentrations were measured at 280 nm and the concentration
calculated from using the extinction coefficient 9.02 x 104 M-1 cm-1
[229,230]. The iron bound in holo-transferrin at neutral pH was determined
by measuring the UV-Vis absorbance at 470 nm and using the extinction
coefficient 4.86 x 103 M-1 cm-1 [229,230]. By taking the ratio of protein
concentration to iron bound concentration, it was determined that only two
equivalences of iron were bound to the holo-transferrin not three as
Sigma-Aldrich had stated.
Reversed-phase sample solutions were prepared in the same
manner as the size exclusion sample preparation except that the solutions
were conditioned with 0.1% HPLC grade trifluoroacetic acid (TFA), to act
as an ion-pairing agent for the metalloproteins. Table 6.1 lists the
molecular weight and stoichiometric content of the iron test species.
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Table 6.1 Molecular weight and stoichiometric content of inorganic iron
and iron metalloproteins.

Sulfur atoms
per molecule

2 Fe

Chromatographic Systems
Two different analytical LC detection systems (UV-absorbance and
conductivity) were used for the detection of iron metalloproteins and
inorganic iron. The system employing UV-absorbance detection consisted
of a Waters (Milford, MA, USA) Model 600E high-performance liquid
chromatography pump with a six-port Rheodyne injection valve (Model
7520, Rheodyne Inc., Cotati, CA USA) fitted with a 50 μL injection loop. A
Waters 2487 dual wavelength absorbance detector was employed at 220
nm for UV absorbance detection. The system employing conductivity
detection consisted of an Amersham Biosciences (Piscataway, NJ, USA)
Model AKTA prime high-performance liquid chromatographic pump with a
six-port injection valve fitted with a 50 µL injection loop. An Ambersham
Biosciences conductivity detector monitored the current between two
electrodes for conductivity detection. The separation on the size exclusion
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column and the reversed-phase column were performed as described in
the following sections at a flow rate of 1.0 mL min-1. The data for the UVabsorbance

chromatograms

was

generated

by

Millennium

32

Chromatography Manager and conductivity vs. elution time was generated
by Prime View and further processed in the form of Microsoft (Redmond,
WA, USA) Excel files.

Chromatographic Columns
The size exclusion column consisted of SephadexTM G-50 Fine
(Amersham Biosciences, Uppsala, Sweden) stationary phase packed into
a 16 mm i.d. X 370 cm length glass AK 16 (Amersham Biosciences,
Uppsala, Sweden) column. The column was flushed with the mobile phase
solution consisting of 100% Nanopure water at a pH of 5.0, inhibiting
nonspecific binding of inorganic iron with the iron metalloproteins, until the
conductivity response was stable.
The reversed phase column consisted of polyester (PET) C-CP
fibers of 50 μm nominal diameter obtained from the School of Material
Science and Engineering, Clemson University, and prepared in a manner
that was similar to previous publications [205-207]. The fibers were
manually wound onto a circular frame to accumulate enough strands to
tightly fill the stainless steel column (4.6 mm i.d. X 150 mm length). The
fiber loop was pulled through the column using a monofilament (4 lb-test).
The initial length of the fibers was such that the fiber ends extended past
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both ends of the column, with the general fiber alignment being
longitudinally parallel. The excess fiber was trimmed flush with the column
ends. The column ends were sealed with a 0.75 mm thick, 6.35 mm
diameter frits (2 μm pores) and completed with column end fittings from
Valco Instruments Co. Inc. (Houston, TX, USA). The columns were
flushed with ACS-grade acetonitrile and Nanopure water to remove any
residual surfactant.

Prior to each run, the C-CP fiber columns were

washed with 100% ACN containing 0.06% (v v-1) TFA until the baseline
absorbance response was stable, then equilibrated with 100% Nanopure
water (pH 5.0) containing 0.1% (v v-1) TFA.

Inductively Coupled Plasma Optical Emission System
The inductively couple plasma-optical emission spectrometry was
performed on a Jobin-Yvon 24 (Longjumeau, France) with a Meinhard
concentric glass nebulizer equipped with a cyclonic spray chamber.
Plasma cooling gas flow was set at a constant rate of 12 L min-1, the
auxiliary gas at 0.2 L min-1 and a nebulizer gas flow rate of 0.35 L min-1.
Optical emission monitoring was achieved on a 0.64 m Czerny-Turner
monochromator equipped with a 2400 grooves mm-1 holographic grating.
Atomic emission signals, detected by a photomultiplier tube (PMT)
(Hamamatsu Model R955, Bridgewater, NJ, USA) are then converted into
voltage signals with a digital current meter. In the case of chromatographic
processing, a personal computer was employed to record the output of the
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voltage meter via a National Instruments (Austin, TX, USA) PCI-6221
interface board. An X-Y recorder-type program within a National
Instruments LabView 7.1 software environment has been developed for
acquisition of the optical responses. The data is processed in the form of
Microsoft Excel files. Peak (single-wavelength) intensities are reported
when studying the role of solvent composition on the spectral background.
Transient peak areas are calculated by integrating the total signal from the
peak starting point to peak ending point, after subtracting the background
for an analogous time frame with smoothing of the data points. These
values are self-consistent within each study, but vary across experiments
involving a given analyte element. In addition, they cannot be compared
between the different analyte species (Fe and S) as PMT voltages, etc.,
are not held constant.

Particle Beam/Hollow Cathode Optical Emission System
The PB/HC-OES source instrumentation is basically the same
design as applied in previous studies [204,228]. A Thermabeam (Extrel
Corporation, Pittsburgh, PA) particle beam LC/MS interface is employed to
couple the analyte solutes in the liquid flow with the hollow cathode glow
discharge source. The interface consists of a thermoconcentric nebulizer,
a heated spray chamber, and a two-stage momentum separator.

The

liquid sample is introduced via the HPLC flow into a fused-silica capillary
(110 μm i.d.) mounted within a stainless steel tube (1.6 mm o.d.). A dc
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potential difference placed across the two ends of the stainless steel tube
results in resistive heating, adding a thermal component to the aerosol
formation to help desolvate the liquid drops. A coaxial flow of helium gas
between the central fused-silica capillary and outer stainless steel tubing
serves as a sheath gas to facilitate heat conduction into the capillary and
to break up the liquid at the capillary tip (i.e., pneumatic nebulization). The
resultant fine aerosol is directed into a 35 mm diameter, 110 mm long
steel spray chamber wrapped in electrical heating tape. The operating
temperature of the chamber was fixed at 150oC. The separation of the
aerosol (a mixture of He gas and analyte, carrier and solvent) is achieved
by a two-stage momentum separator, which skims away the relatively lowmass nebulizer gas (He) and eluent solvent vapors, leaving dry analyte
particles on the scale of 1-10 μm [53,54]. The resultant beam of dry
particles enters the heated hollow cathode discharge volume for
subsequent vaporization, atomization, and excitation.
The hollow cathode is mounted at the center of a stainless steel
“thermoblock”, which serves as the (grounded) anode of the GD circuit.
The source vacuum port, discharge gas inlet, pressure gauge, electrical
feedthroughs, and heating components are also located in the
thermoblock.

The entire thermoblock is heated for efficient sample

vaporization and atomization by a pair of cartridge heaters (Model SC
2515, Scientific Instrument Services, Ringoes, NJ, USA), with the block
temperature monitored by a W-Re thermocouple. The gas pressure within
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the glow discharge source is monitored by a Pirani-type vacuum gauge
(VRC Model 912011, Pittsburgh, PA, USA). The hollow cathode discharge
is powered by a Bertan (Hicksville, NY, USA) Model 915-1N supply,
operating in the constant-current mode over the range of 20-80 mA.
Helium is used as the discharge gas in this study. The high lying He
metastable-atom levels (19.77 and 20.55 eV) are able to provide energy
for molecular dissociation as well as excite the analyte atoms. In addition,
the high energy electron populations produced in the He plasma more
efficiently dissociate molecular species as well as contribute to the
excitation of analytes such as Fe and S [131].
Optical emission from the hollow cathode discharge is sampled
using a plano-convex fused-silica lens such that the image of the
excitation region is focused at a ratio of ~1:1 onto the entrance slit of the
spectrometer. A nitrogen purged 1.0 m Czerny-Turner monochromator
equipped with a 3600 grooves mm-1 holographic grating (Jobin-Yvon 38,
Lognjumeau, France) is employed for optical monitoring. Atomic emission
signals are detected and collected from a PMT using the same digital data
acquisition system as previously described for the ICP-OES data
collection.
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Results and Discussion
Analytical Characteristics
For the quantitative determination of iron in holo-transferrin some
important consideration needed to be realized. First, under physiological
conditions, the iron is coordinated by two tyrosines, an aspartate and a
histidine amino acid and the coordination sphere is completed by a
synergistic anion, carbonate anion [181]. However, under the conditions
used in this study no carbonate was added to fulfill the coordination of
iron. However, the holo-transferrin solutions were prepared in water in
equilibrium with carbon dioxide, which accounts for carbonate available to
coordinate the iron in holo-transferrin.
Previously, liquid chromatography-inductively coupled plasmaoptical emission spectroscopy (LC-ICP-OES) and liquid chromatographyparticle beam/hollow cathode- optical emission spectroscopy (LC-PB/HCOES) techniques have effectively demonstrated their individual abilities to
determine iron metalloproteins [189,214,228] and “free” iron has been
determined by ICP-OES [226,231]. However, there have not been any
reports of the simultaneous determination of “free” iron and bound iron
metalloproteins using either system. The quantitative performance of both
the LC-ICP-OES and LC-PB/HC-OES systems was first evaluated through
analytical response curves obtained from the Fe (I) 259.9 nm emission of
holo-transferrin, myoglobin and iron (II) chloride in a continuous flow mode
in aqueous conditions (as employed in the SEC separations). The iron
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concentration in both the inorganic iron and metalloproteins ranged from
0.1 ng mL-1 to 100 µg mL-1, corresponding to ~ 40 ng mL-1 – 40 mg mL-1 of
respective proteins. The analytical response data representing the
statistical figures of merit derived from iron calibration functions, obtained
by ICP-OES and PB/HC-OES, are listed in Table 6.2. The regression
functions for both techniques were highly linear as seen in the correlation
coefficients (R2), with those for ICP-OES being more consistent. The limits
of detection (3σblank/m) for iron containing metalloproteins with ICP-OES
were 0.9 ng mL-1 and 1.1 ng mL-1 compared to 9.9 ng mL-1 and 11.1 ng
mL-1 for PB/HC-OES. Better overall LODs were obtained for the inorganic
iron chloride 0.90 ng mL-1 and 9.91 ng mL-1 for ICP-OES and PB/HC-OES,
respectively. The lower limits of detection and higher sensitivity for iron
chloride are not unexpected because the energy of both plasmas is not
required for extensive dissociation (as it is for the proteins), but is applied
toward excitation of the iron as the iron is in it’s “free” ionic. In fact, the
differences

in

LODs

are

barely

statistically

significant

different,

demonstrating both plasma’s ability to dissociate the iron within the
proteins. However, in both techniques the sensitivity for the iron response
was slightly higher for holo-transferrin than myoglobin because there is
more iron per molecule. In addition, the binding sites for iron in
holotransferrin are not coordinated in a porphyrin ring as is the case for
myoglobin, and thus the iron is more liberated [211,212].
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y = 5.82x – 0.09
y = 7.34x – 0.09
y = 6.43x + 0.07

Holotransferrin

Iron (II) Chloride

y = 19.01x + 0.03

Iron (II) Chloride

Myoglobin

y = 19.63x – 0.10

Holotransferrin

Response Function
of Fe (I) 259.9nm

y = 12.72x – 0.05

Myoglobin

PB/HC-OES

Response Function
of Fe (I) 259.9nm

ICP-OES

0.998

0.992

0.987

Correlation
(R2)

0.999

0.999

0.999

Correlation
(R2)

9.91

10.8

11.1

Fe LOD
(ng mL-1)

0.90

1.12

0.96

Fe LOD
(ng mL-1)

7.2

4.3

Protein LOD
(µg mL-1)

750

370

Protein LOD
(ng mL-1)

Table 6.2 Fe (I) 259.9 nm response function characteristics for inorganic iron and iron metalloproteins under size
exclusion chromatography conditions. (aqueous, pH 5.0)

readily

The LODs presented in Table 6.2 for this iron analyte suite are
comparable to previous LOD values for ICP-OES iron and ironmetalloprotein detection in the literature [189,190,214]. On the other hand,
the PB/HC-OES values are lower than previous LOD values for ironmetalloprotein detection due to the operation in the flow injection mode
rather than continuous sample introduction. The lower limits of detection
(~10X), high degree of accuracy and correlation of the ICP-OES is not
unexpected because the ICP-OES system used in this set of experiments
is a commercially manufactured ICP and the PB/HC-OES system was
constructed in this laboratory. This provides great encouragement in the
further development of the PB/HC-OES system.

Size Exclusion Separation with Fe (I) Detection
The power of any speciation analysis technique is dependent on whether
or not element specific detection can be used to identify and quantify
individual

analyte

components

in-line

with

the

chromatographic

separation. In order to realize complete speciation and determination of
“free” iron from iron-metalloproteins by either ICP-OES or PB/HC-OES, a
high performance liquid chromatography (HPLC) separation of the
analytes is required.

A size exclusion separation was chosen as the

separation of choice because of the mild mobile phase conditions (e.i. no
organic content) allowing for straightforward coupling into an ICP-OES
source. While high organic content is not problematic for the PB/HC-OES
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system, ICP-OES systems typically can not handle high organic content (>
10%) at typical HPLC flow rates [7,12,53]. Therefore, the size exclusion
separation used in this experiment employed only water at a pH of 5.0 as
the mobile phase at a flow rate of 1 mL min-1.

Size exclusion

chromatographic

iron-containing

methods

for

the

separation

of

metalloproteins has been reported by various authors, [194,218] and was
adapted for the separation of inorganic iron and iron-metalloproteins with
the modification of the mobile phase to a pH of 5.0 to inhibit non-specific
binding between the inorganic iron and the iron metalloproteins. Figure
6.1 shows the superimposed chromatograms for a 50 µL injection of the
three compounds (100 μg mL-1 each) employing conductivity detection for
the inorganic iron and UV absorbance detection at 220 nm for the iron
metalloproteins. The darker line is the absorbance signal measured by the
UV-vis detector, while the lighter line represents the signal measured by
the conductivity detector.

As can clearly be seen from the resulting

chromatogram, the iron containing analytes are separated in order of their
respective molecular weights (holo-transferrin>myoglobin>inorganic iron).
Of particular note here is the need to employ two forms of detection,
equating to a higher complexity and higher cost of equipment. On the
other hand, optical emission spectroscopy allows for specific detection of
iron atomic transitions regardless of the form of the iron.
Figures 6.2a and 6.2b show the corresponding SEC of ironmetalloproteins and inorganic iron with ICP-OES and PB/HC-OES

173

Figure 6.1 Size exclusion separation of (100 µg mL-1 iron concentration) of
iron (II) chloride, holotransferrin and myoglobin on Sephadex G-50 Fine with
220 nm UV-vis absorbance and conductivity detection. Isocratic separation
with 100% water at a pH of 5.0 ending at t = 74 mins, flow rate = 1 mL min-1.
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a)

b)

Figure 6.2 Size exclusion separation of (100 µg mL-1 iron concentration) of
iron (II) chloride, holotransferrin and myoglobin on Sephadex G-50 Fine
column a) Fe (I) 259.9 nm detection by ICP-OES, b) Fe (I) 259.9 nm
detection by PB/HC-OES. Isocratic separation with 100% water at a pH of
5.0 ending at t = 74 mins, flow rate = 1 mL min1.
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detection at Fe (I) 259.9 nm transition, respectively. The resulting
transients

demonstrate

both

techniques’

ability

to

preserve

the

chromatographic integrity of the separation. The transients obtained by
OES appear just slightly later than for UV or conductivity due to the
difference in flow distance between the nebulizers, though the relative
peak elution characteristics (i.e. selectivity and resolution) are not
affected. The slight broadening observed in the OES chromatograms is
likely due to lateral diffusion over the course of the longer post column
transit distance. Differences between the two OES responses reflect the
fact that the chromatograms are derived from different techniques (Fig.
6.2a ICP-OES and Fig. 6.2b PB/HC-OES). As can be seen, the signal-tonoise and background quality in the two chromatograms (following the
SEC separation) are virtually identical. This demonstrates both techniques
ability to dissociate the iron from the iron-metalloproteins and efficiently
excite elemental iron. In fact, the ~10X better detection limit for the ICP
source

does

not

translate

as

such

in

the

case

of

the

transient/chromatographic detection of iron. Here again, the fact that the
PB/HC-OES system is homebuilt suggests room for improvement.
Additionally, analyte transportation through the particle beam interface
may be improved further through the use of carrier species added postcolumn.
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Protein Determinations Based on Sulfur Optical Emission Detection
In the case of metalloproteins, detection of the metal constituents
alone does not provide qualitative information about the potential identities
of the respective metalloproteins. Therefore, more information is needed
to better identify the metalloprotein species.

In order to achieve this,

determination of non-metal elements may be employed as a means of
gaining more compositional information about the analyte protein. Taken a
step further, the ratio of selected elements can provide more definitive
species-specific

information

for

protein

identification

(or

at

least

differentiation) [194,228]. The quantification of analyte-originating nonmetal elements (e.g. H, N, C and O) is a difficult task when analyses are
performed in open atmosphere environments of an ICP source and in the
presence of solvent species. More specifically, the ICP-OES technique
suffers from the presence of entrained gases and solute remnants. This
situation is somewhat simplified when the non-metal element is either
sulfur or phosphorous, because neither of which are prominent in the
atmosphere (though they are common to buffer systems). Non-metals can
be quantified via ICP-OES at levels that are of general usefulness, but
their most sensitive transitions tend to exist in the vacuum ultraviolet
region of the spectrum. As such, the optical paths between the plasma
and the spectrometer and within the spectrometer must be purged
[195,196]. On the other hand, sensitive non-metal element detection has
readily been achieved using the PB/HC-OES system due high desolvation
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efficiency of the particle beam and the inert atmosphere environment.
Non-metal elemental detection has been illustrated in previous PB/HCOES works for the analysis of a series of aliphatic amino acids [63,82],
aromatic amino acids [82], nucleotides [204], proteins [61,172,173] and
iron-containing metalloproteins [228] based on the constituent carbon,
hydrogen, phosphorus and sulfur optical emissions with absolute detection
limits on the single-ppb (ng mL-1) levels.
The quantitative performance of both the LC-ICP-OES and LCPB/HC-OES systems was evaluated through analytical response curves
for S (I) 180.7 nm emission resultant from the iron metalloproteins are
shown in Table 6.3. The sulfur concentration for the analytes ranged from
0.1 ng mL-1 to 100 μg mL-1 of sulfur in each metalloprotein. The variability
for all sets of triplicate injections is in the range of 4-8% RSD. As in the
case of the Fe (I) responses, differences in slopes (sensitivity) for the
metalloproteins is likely related to the accessibility of the sulfur atoms
within the proteins to release upon vaporization. Linear regression
statistics of the response curves and the use of triplicate solvent blank
injections yielded S limits of detection of 15.5 and 20.3 ng mL-1 for ICPOES and 8.6 and 20.1 ng mL-1 for PB/HC-OES. In both cases, the LOD
values here are in line with previous works. The difference in the ICP-OES
detection limits for sulfur and iron can be attributed in part to the
previously mentioned problems for atmospheric plasmas. It is interesting
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Table 6.3 S (I) 180.7 nm response function characteristics for iron
metalloproteins under size exclusion chromatography conditions. (aqueous, pH
5.0)
ICP-OES

Myoglobin

Response Function
of S (I) 180.7nm
` y= 6.34x + 0.83

Correlation
(R2)

S LOD
(ng mL-1)

Protein LOD
(µg mL-1)

0.992

20.3

1.1
0.4

Holotransferrin

y = 13.01x - 0.98

0.993

15.5

PB/HC-OES

Response Function
of S (I) 180.7nm

Correlation
(R2)

S LOD
(ng mL-1)

Protein LOD
(µg mL-1)

Myoglobin

y = 10.34x + 2.83

0.992

20.1

1.1

Holotransferrin

y = 13.23x + 1.98

0.989

8.6

0.2

to note that in this case, the differences between the two plasma sources
are not significant as in the case of iron.
Figures 6.3a and 6.3b shows the corresponding SEC separation of
iron-metalloproteins with ICP-OES and PB/HC-OES detection of sulfur at
the S (I) 180.7 nm transition, respectively. As is the case for monitoring of
the iron emission following the SEC separation, the chromatographic
integrity is again retained with both techniques while monitoring the sulfur
atomic emissions. More specific information of the metalloprotein identities
would be obtained by empirical formula calculation via elemental Fe to S
ratios. However, in this case, empirical formula calculations are not
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a)

b)

Figure 6.3 Size exclusion separation of iron metalloproteins (100 µg mL -1
iron concentration) on Sephadex G-50 fine column a) S (I) 180.7 nm
detection by ICP-OES, b) S (I) 180.7 nm detection PB/HC-OES. Isocratic
separation with 100% water at a pH of 5.0 ending at t = 74 mins, flow rate
= 1 mL min-1.
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practical because only two metalloproteins containing both iron and sulfur
were used. We are unaware of any prior publications demonstrating the
on-line detection of sulfur in protein molecules via ICP-OES. Previous
works by Brewer and Marcus have demonstrated excellent correlation
between elemental responses (Fe(I)-to-S(I)) and empirical formulae using
the LC-PB/HC-OES system for iron metalloproteins under reversed-phase
chromatographic conditions [228].

Reversed-Phase Separation of Metalloproteins with Fe (I) and S (I)
Detection via PB/HC-OES
In order to realize more flexible speciation of “free” and bound
metals in proteins, multiple separation motifs are warranted. This permits
the use of the most appropriate mode of separation for a given analysis.
Previous work in this laboratory has shown that fast reversed-phase
separations of iron-containing metalloproteins are achievable using
polyester (PET) capillary-channeled polymer (C-CP) fiber stationary
phases [215,228]. Therefore, as an alternative mode of separation to size
exclusion chromatography, a PET-CCP fiber column was employed for the
separation of the iron containing mixture (100 µg mL-1 iron per
component). A loading time of 2.5 minutes with Nanopure water at pH of
5.0 was employed prior to initiation of the gradient. As was the case for
the size exclusion separation, the Nanopure water was conditioned to a
pH of 5.0 to inhibit nonspecific binding. A gradient was applied from a
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100:0 (water:acetonitrile) mixture to a 25:75 composition over the 2.5-34
min period. Coupling this type of separation into an ICP source would be
all but impossible for a speciation analysis with a gradient elution
consisting of a 75% ACN mobile phase composition at a flow rate of 1 mL
min-1. There are reports in the literature of coupling high organic mobile
phases (e.g. methanol) into an ICP sources using microconcentric
nebulizers, but the separation is slow due to the extremely low flow rates
(e.g. < 100 µL min-1), with the ICP plasma becoming unstable when flow
rates were increased [231-233]. Moreover, it has also been shown that an
increase in organic content (e.g. ACN)

would result in a decrease in

analyte sensitivities for the ICP [233]. Therefore, the direct coupling of a
reversed-phase separation of “free” iron and iron-metalloproteins into the
ICP-OES system was not attempted. On the other hand, the PB/HC-OES
system can handle the reversed-phase solvent conditions. Previous work
in this laboratory has demonstrated the optimum sample introduction
conditions and was used for this set of experiments [228].
The corresponding PB/HC-OES analytical figures of merit for iron
and sulfur under the reversed-phase solvent conditions are presented in
Table 6.4. The iron concentration in both the metalloproteins and inorganic
iron and sulfur in the metalloproteins ranged from 0.1 ng mL-1 to 100 µg
mL-1, corresponding to ~ 40 ng mL-1 – 40 mg mL-1 of respective proteins.
Linear regression statistics of the response curves and use of triplicate
solvent blank injections yielded limits of detection (3σblank/m) ranging from
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Table 6.4 PB/HC-OES response function characteristics for inorganic iron and
iron metalloproteins under reversed-phase chromatography conditions
(H2O:MeOH, pH 5.0).
Iron

Response Function
of Fe (I) 259.9nm

Correlation
(R2)

Fe LOD
(ng mL-1)

Protein LOD
(µg mL-1)

Myoglobin

y = 7.51x – 1.08

0.987

11.5

4.5

Holotransferrin

y = 14.7x – 0.98

0.992

10.5

7.0

Iron (II) Chloride y = 12.4x + 0.07

0.998

9.8

Sulfur

Response Function
of S (I) 180.7nm

Correlation
(R2)

S LOD
(ng mL-1)

Protein LOD
(µg mL-1)

Myoglobin

y = 12.3x + 0.28

0.992

19.2

1.1

Holotransferrin

y = 28.1 + 0.19

0.989

7.6

0.2

9.8 ng mL-1 to 11.1 ng mL-1 for iron and from 7.56 ng mL-1 and 19.2 ng mL1

for sulfur. Of particular note here is the fact that the iron and sulfur

figures of merit are similar those obtained under the aqueous size
exclusion separation conditions (Tables 6.2 and 6.3). This is testament to
the efficiency of the PB introduction processes. Additionally, it should be
noted that the LODs for both iron and sulfur in the metalloproteins
obtained for this study are lower than previous iron and sulfur LODs for
iron metalloproteins [228] because that data was collected in a continuous
flow mode, instead of flow injection. For a universal spectrochemical
analytical technique, analyte signals and figures of merit should be matrix
independent and that is indeed the case for the PB/HC-OES system
further highlighting the PB/HC-OES as a versatile HPLC detector.
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Figure 6.4a shows the resulting RP chromatogram for a 50 µL
injection of the iron analyte mixture employing both conductivity and UV
absorbance detection at 220 nm. Online coupling of the RP separation
into the PB highlights one of the more important aspects of using the LCPB combination, the ability to develop separation strategies independently
without regards to possible incompatibility with the detection system [53].
The corresponding separation with PB/HC-OES detection at the Fe (I)
259.9 nm (black) and S (I) 180.7 nm (grey) transitions are shown in Fig
6.4b, demonstrating the ability of the PB interface to preserve the
chromatographic integrity of the separation. The transients obtained under
the reversed-phased conditions are baseline resolved as in the case with
size exclusion, but there is far less broadening of the analyte peaks in the
reversed-phase separation (i.e., higher separation efficiency).

In the

reversed-phase separation the iron containing species elute according to
hydrophobicity, with the ionic form of iron eluting in the injection volume.
Using a reversed-phase separation for the iron containing analyte, a
decrease in analysis time is also achieved ~35 min as compared to 70 min
in SEC. Previous work in this laboratory has shown that a much faster
reversed-phase separation (<10 min) of four iron-metalloproteins is
possible at flow rates of 2 mL min-1 [228]. Direct coupling of this reversedphase separation at high flow rates into an ICP is impractical, but is
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a)

b)

Figure 6.4 Reversed phase separation of (100 µg mL-1 iron concentration) of
iron (II) chloride, holotransferrin and myoglobin on PET C-CPTM fibers columns
a) conductivity and 220 nm UV absorbance detection, b) Fe (I) 259.9 nm and
S (I) 180.7 nm detection by PB/HC-OES. PET C-CP column, gradient of
100:0 to 25:75 (water:acetonitrile) beginning at t = 2.5 mins and terminating at
t = 34 mins, flow rate = 1 mL min-1.
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achieved into the hollow cathode source through the particle beam
interface. This highlights the LC-PB/HC-OES as a multifaceted LC
detector.

Conclusions
Both liquid chromatography-inductively coupled plasma-optical
emission spectroscopy (LC-ICP-OES) and particle beam/hollow cathodeoptical emission spectroscopy (LC-PB/HC-OES) systems have been
demonstrated to be viable approaches for the determination of “free” iron
from

iron

bound

chromatography.

in

metalloproteins

employing

size

exclusion

Both systems were evaluated for iron and sulfur

determination, with ICP-OES having lower limits of detection (sub ng mL-1
for iron) and higher levels of correlation. The difference was negated when
operating the ICP-OES source as an on-line chromatography detector.
On the other hand, the sulfur limits of detection were comparable for the
two techniques. However, the ICP source does not have the inherent
capabilities to operate across a wide variety of solvent composition (i.e.
reversed phase separation at HPLC flow rates), which limits the
technique’s ability. A much faster (30 vs. 70 min) reversed-phase HPLC
separation involving high organic content was demonstrated with the
PB/HC-OES method. As such, the most appropriate mode of separation
can be chosen rather than the detection method dictating the potential
modes of chromatography. The iron and sulfur LODs under RP conditions
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were virtually the same as those obtained under SEC conditions for the
PB/HC-OES

system.

Finally,

the

combination

of

reversed-phase

metalloprotein separation with the possibility of empirical formula
determination, demonstrates the potential of the LC-PB/HC-OES as a
simple, multifaceted LC detector for metalloproteins in general.
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CHAPTER 7
SUMMARY
The foundation of the work presented here has demonstrated the
advantages and advances that have been achieved for two specific glow
discharge techniques; radio frequency glow discharge optical emission
spectrometry (rf-GD-OES) for the elemental quantification of conductive
and non-conductive solid samples and particle beam hollow cathode glow
discharge optical emission spectrometry (PB/HC-OES) for the analysis of
liquid analytes in flowing streams. Chapter one outlines the fundamentals
of glow discharges and their application as spectrochemical sources. The
fundamental processes of glow discharges are described in terms of a
simple diode geometry, with applications for the analysis of solid
conductive samples in an inert atmosphere. These parameters make it
easier to explain the processes occurring that maintain the discharge
leading to analyte excitation or ionization. Chapter one also introduced the
two techniques that make it possible to operate a glow discharge
spectrochemical source in two very different modes. These two
techniques, rf-GD-OES and PB-HC-OES, expand the options available to
research areas where qualitative and/or quantitative analysis is required.
Chapter two focused on the fundamental studies pertaining to the
entrapment of solid particles in a sol-gel medium. The homogeneity of
particle distribution in the sol-gel and the effect of sample powder grinding
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time/size on analyte emission were studied. Of particular importance are
the instrumental operation parameters for the sol-gels analysis as is
typically the case with any solid spectrochemical technique. The data
presented in Chapter two made it clear that a mixed gas pressure of 4
Torr argon and 2 Torr helium with a rf power of 40 W was needed to
obtain optimal analyte signals and prevent cracking of the glass
substrates. Unlike other solid samples, the homogenous distribution and
sampling of the entrapped powdered material is an issue due to the
migration of the entrapped solid material during the sample preparation
(deposition on glass slides) as well as in the actual sampling area of the rfGD-OES. It was shown that analyte emission responses were evenly
distributed throughout the sputtered region and the effect of sample
grinding time (i.e. particle size) showed no effect on analyte emissions.
More importantly, Chapter two demonstrated how the sol-gel sample
preparation technique allowed for blank subtraction, which is typically not
seen in solids analysis. Through the use of blank subtraction and the ease
of calibration sample preparation the quantification of powered material
was demonstrated using NIST SRM 1884a Portland cement to quantify
major and trace species in SRM 1648 Urban Particulate Matter. These
results supported the application of the rf-GD-OES as a sol-gel analysis
technique for powdered materials.
Chapter two mainly focused on the rf-GD-OES analysis of metallic
elements in powdered samples, but it did not take advantage of the ability
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of the rf-GD-OES to analyze non-metal element constituents entrapped in
a sol-gel matrix. The continued development of the rf-GD-OES techniques
for the analysis of non-metal elements in a sol-gel matrix is present in
Chapter three. Nucleotides were used as non-metal analytes and are
examples of molecules for which identification via the stiochiometry is
desired. The nucleotides were readily incorporated into the liquid sol and
spin-cast onto microscope slides, providing a convenient way to process
the material without complex dissolution chemistries. As was the case for
powdered samples, lyophilized nucleotides were readily entrapped (bioimmobilized) in the sol-gel matrix. The operation parameters were
investigated and it was found that an applied rf power of 25 W and mixed
gas pressure of 3 Torr argon and 2 Torr helium gave optimal analyte
signal responses. Results established that both liquid and solid nucleotide
forms could easily be incorporated into the sol-gel matrix. The
determination of phosphorus, carbon, oxygen and nitrogen for these
nucleotides (AMP, ADP and ATP) can be achieved reproducibly using this
system. The nucleotides were routinely identified by the stoichiometric
responses of the phosphorous, oxygen, carbon and nitrogen, illustrating
the case where the rf-GD-OES technique could be directly applied to both
solid and liquid incorporation into a sol-gel matrix.
The application of the rf-GD-OES as a solid analyzer for sol-gel thin
films has made up most of the work presented to this point. The remainder
of this dissertation comprises the continuing development of the particle
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beam hollow cathode optical emission spectrometer as a liquid
chromatography detector for biomolecules. Chapter 4 demonstrated the
applicability of the PB/HC-OES as a detector for phosphorylated
nucleotides and inorganic phosphorus species. The ability of the hollow
cathode glow discharge source to efficiently excite both elemental
phosphorous and carbon was demonstrated. Additionally, the evaluation
of hollow cathode discharge operation parameters for nucleotides was
performed for the PB/HC-OES system. Empirical formula information for
each nucleotide was obtained by monitoring P (I) and C (I) transitions.
Improvements in analytical signal responses with the addition of carrier
salts through enhanced transport efficiency was also investigated. It was
found that among the various carrier salts tested, KCl showed the greatest
increase in sensitivity (by a factor of 3.4), due to the creation of the
increased particle sizes (1-10μm) through a co-precipitation with the
nucleotides. The work presented in Chapter four laid the foundation for
biomolecule analysis as the non-metals in nucleotides were specifically
and readily determined in flowing liquid streams by the PB/HC-OES.
Chapter five demonstrated the power and flexibility of the hollow
cathode glow discharge as an optical emission source for metalloproteins
following a chromatographic separation. Ideally, to unambiguously detect
proteins with a high degree of accuracy techniques such as electrospray
ionization and matrix assisted laser desorption ionization are used.
However information pertaining to proteins can be elucidated from their
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individual components. Elemental components such as iron and sulfur
play a crucial role in protein function and structure. In Chapter five the
quantification of iron and sulfur in the four iron-containing metalloproteins
was demonstrated using the PB/HC-OES. The reversed-phase separation
of metalloproteins was coupled into the glow discharge source through the
particle beam interface with subsequent iron and sulfur detection.
Instrument operation parameters for the iron-metalloproteins were
evaluated for the large molecular weight and hydrodynamic volumes of the
iron-metalloproteins. The responses to nebulizer tip and hollow cathode
temperatures were interpreted as tradeoffs between achieving effective
vaporization and detrimental pyrolysis. Low limits of detection were
demonstrated

for

the

iron-metalloproteins

with

minimal

sample

manipulation and no spectral interferences from atmospheric species,
which allowed for the detection of non-metals. The ability to detect nonmetals is advantageous as they are the major constituents in proteins and
non-metals such as C, H, O and N can not be detected by inductively
coupled plasma (ICP). Finally, following the reversed phase separation of
the metalloproteins, iron and sulfur were detected by the PB/HC-OES and
the iron-metalloproteins were further identified by their stoichiometric
responses (eg. S-to-Fe). In the future, simple robust analysis techniques
such as the one demonstrated in Chapter five are going to be the viable
approaches for metalloprotein analysis.
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Chapter six pertains to the hollow cathode glow discharge source
as a biomolecule detector and makes use of the hollow cathode source to
simultaneously determine inorganic ‘free’ iron and bound iron in the form
of iron-containing metalloproteins. Moreover, the same iron containing
analytes are analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES). ICP is considered the benchmark for metal
element analysis due to it’s large dynamic range and excellent detection
limits. These arise from the complete atomization of complex mixtures in
the high temperature plasma. Comparisons were made between ICP-OES
and PB/HC-OES for the determination of “free” and bound iron. In order
to compare the two techniques following a chromatographic separation, a
size exclusion (SEC) technique was chosen since the ICP-OES system
does not have the capability to operate across multiple chromatographic
platforms (e.g. RP or HIC). Problems exist when organic solvent (e.g. ≥
10% organic) at high flow rates (e.g. 2 mL min-1) are introduced into an
ICP plasma. Data showed that both techniques could effectively determine
both “free” and bound iron, as well as sulfur, in a single SEC separation.
To highlight the PB/HC-OES system as a universal liquid chromatographic
detector, the same iron analyte mixture was separated under reversedphase conditions. The studies reported here demonstrate the potential of
the ICP-OES and PB/HC-OES techniques as detectors for iron and sulfur
in general.
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As described in Chapter one glow discharges have been used as
spectrochemical sources for over a century. Traditional glow discharge
analysis of solid is still used in many industries. The work presented here,
along with the work of other researchers, is showing that glow discharges
will continue to have a place in the modern and future analytical
laboratories for the analysis of solids and biomolecules.
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Appendix A
Vascular Graph Analysis by Radio-Frequency Glow Discharge Optical
Emission Spectrsocpy (RF-GD-OES)
Experimental
A JY RF-5000 (Jobin-Yvon, Division of Instruments SA, Edison, NJ)
radio-frequency glow discharge-optical emission spectrometer (rf-GDOES) was employed for all analytical measurements. This instrument is a
0.5 m Paschen-Runge polychromator, which is presently outfitted with 26
optical channels, each sampled at a rate of 2 kHz. The source optical
emission is focused onto a 2400 gr mm-1 ion-etched holographic grating
via a MgF2 plano-convex lens. The optical spectrometer is nitrogen purged
allowing for emission detection over a range of 110 – 620 nm with a
practical resolution of ~0.01 nm. The specific wavelengths monitored
were: C (I) 156.1 nm, Ag (I) 328.2 nm, H (I) 121.5 nm, O (I) 130.2 nm, S (I)
180.7 nm and Ar (I) 404.4 nm. Experiments presented here were
performed in a discharge pressure of 3 torr Ar and applied rf power at 25
W. Spectrometer control and data acquisition was accomplished by Jobin
Yvon’s Quantum 2000 ver. 1.1 software on a Hewlett Packard Vectra VE
computer. Data files were then exported, processed, and managed in the
form of Microsoft (Seattle, WA, USA) Excel files. The discharge cell is
constructed of stainless stell. A 4 mm i.d. limiting orifice (anode) with a
constant anode-to-cathode distance of 0.5 mm ensured by a constant

199

anode-to-cathode distance of 0.5 mm ensured by a ceramic disk around
the sealing o-ring. In most rf-GD-OES applications (where the sample has
a homogenous, flat surface), the sample (cathode) is seated against a
PTFE o-ring by a pneumatically controlled piston to form the primary
vacuum seal. In the case of the soft and irregular fabric samples (vascular
graphs), a seal cannot be established. In order to facilitate the most
uniform sputtering of the fabrics, the more or less corrugated materials are
pressed between two pieces of aluminum foil at a pressure of 1000 psi for
60 minutes. Pressed samples are mounted on the copper backing disk in
the rf-GD sample holder using copper tape. The sample holder is placed
against the bulkhead of the source and the primary vacuum initiated, to
evacuate the source region to a pressure of 20-30 mTorr. The source is
then back-filled to a pressure of 3 Torr of the argon discharge gas. Once
the pressure is stabilized, the rf discharge is initiated at a power of 25W.
Acquisition of the optical signals (transients) is begun immediately upon
plasma ignition. The specimen materials were cut into ~1 x 1 cm squares
and the profiles for the respective surfaces (i.e., inner and collagen-doped)
performed from two adjacent pieces.

Vascular Graph Analysis
As mentioned in the experimental section, the vascular graph
material consisted of irregular fibers. There are two immediate challenges
presented in the depth profiling analysis of vascular graphs using rf-GDOES. First, the fabric materials are electrically non-conductive in nature.
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This is a major hurdle for any analytical method, especially rf-GD-OES,
wherein charged particles are directed to a surface, as some means of
charge compensation is required to sustain the probing events. This is the
reason for the gold, silver or platinum-coating of specimens prior to
secondary electron microscopy (SEM) imaging. For the vascular graphs
used in this study, positive charge builds up under positive ion
bombardment, shutting off the sputtering and ultimately the plasma. The
use of a high frequency (13.56 MHz in this case) potential to power the rfGD-OES source provides in situ charge compensation, allowing the direct
analysis of conductive and non-conductive materials alike.
The second (and perhaps the more daunting) analytical challenge
involves the physical structure of the vascular implanted materials. The
vascular implant fabrics are by definition inhomogeneous, varying on the
sub-millimeter scale as the voids from fiber crossing points in the weave
pattern differ in the x-y plane. The inhomogeneity exists as well in the zdirection (i.e., thickness) of the fabric for the same reasons as mentioned
previously. As in any depth profiling technique, the resultant depth
resolution is limited by the smoothness of the initial surface, which in this
case is extremely rough due to the ridged nature of the vascular graphs.
The vascular graphs were pressed for one hour to give them more of a
uniform ‘solid’ like structure, instead of interwoven corrugated materials.
Figure A.1 shows a representative qualitative depth profile analysis for the
vascular graph studied where carbon, hydrogen, silver and sulfur
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transitions were monitored. The depth profiles are qualitative only in the
depth scale, meaning that the individual signal intensities for the
monitored elements are plotted as a function of sputtering time (not
depth). Carbon and hydrogen signatures were symbolic of the base fabric,
while the silver and sulfur represented an implanted additive. The resultant
depth profiles provide a representation of those species’ distributions from
the two surfaces of the fabric surface.

Figure A.1 Qualitative depth profile analysis of implanted vascular
graphs

202

Appendix B
Depth Profile Analysis of Automobile Car Parts
Experimental
Depth profile analysis was performed using a JY RF-5000 (JobinYvon, Division of Instruments SA, Edison, NJ) radio-frequency glow
discharge-optical emission spectrometer (rf-GD-OES) for all analytical
measurements. This instrument is a 0.5 m Paschen-Runge polychromator
which is presently outfitted with 26 optical channels, each sampled at a
rate of 2 kHz. The source optical emission is focused onto a 2400 gr mm-1
ion-etched holographic grating via a MgF2 plano-convex lens. The optical
spectrometer is nitrogen purged allowing for emission detection over a
range of 110 – 620 nm with a practical resolution of ~0.01 nm.
Experiments presented here were performed in a discharge pressure of
5.5 torr and applied rf power of 30 W. The specific wavelengths monitored
were: C (I) 156.6 nm, Ti (I) 365.3 nm, Si (I) 288.1, O (I) 130.2 nm, Al (I)
396.1 nm, H (I) 121.5 nm and Ar (I) 404.4 nm Spectrometer control and
data acquisition was accomplished by Jobin Yvon’s Quantum 2000 ver.
1.1 software. Data files were then exported, processed, and managed in
the form of Microsoft (Seattle, WA, USA) Excel files. Subsequent crater
profiles were acquired using a Tencor (KLA-Tencor Inc., Mountain View,
CA) Model P-10 diamond stylus profilometer having 2.5 nm vertical
resolution and 2.0 µm lateral resolution.
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Analysis of Various Automobile Parts
The various automobile parts were shipped to Clemson University
from BMW in Greer South Carolina and were analyzed for elemental
composition as a function of depth. All samples were cleaned with
absolute

ethanol

prior

to

analysis

to

remove

any

atmospheric

contaminants present on their surface. Depth profile analysis of the solid
automobile parts was chosen as an analysis tool because the elemental
information provided gives rise to homogeneity, corrosive nature,
microscopic elemental structure and manufacturing impurities of the
various automobile parts. Figures B.1 a and b demonstrates a
representative depth profile analysis of the aluminum sheets from
automobile parts analyzed. The two figures were obtained with the same
aluminum automobile part, but sampled at different locations in the x-y
plane. The surface layer consisting of a carbon and hydrogen surface
were of varying thickness possibly do the paint coating’s thickness, which
was seen by the different transition of the aluminum responses as a
function of depth in each spot sampled. NIST 1258 and 1259 SRM alloys
were used as a standard for the automobile parts studied here.
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Ti
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b

Al
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Ti

Figure B.1 Depth profile analysis of aluminum sheets. a and b
represent various locations of same part.
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Appendix C
Depth Profile Analysis of Methlyene Blue Doped Sol-Gels by RadioFrequency Glow Discharge Optical Emission Spectroscopy (RF-GD-OES)
Experimental
The sol-gels were prepared by mixing methyl-trimethoxysilane (MTMOS), deionized water, concentrated hydrocholoric acid and methylene
blue and were shipped to Clemson University from Los Alamos National
Laboratory for analysis. Depth profile analysis was performed using a JY
RF-5000

(Jobin-Yvon,

Horiba

Group,

Edison,

NJ).

The

optical

spectrometer consists of a 0.5 m Paschen-Runge polychromator outfitted
with 26 optical channels. Nitrogen purging of the spectrometer allows
optical emission detection over the wavelength range of 110 to 620 nm,
with a working resolution of ~0.01 nm. This instrument features a radiofrequency (rf) glow discharge excitation source that is capable of
analyzing both conductive and non-conductive samples in either single or
mixed gas modes. Experiments presented here were performed in a
mixed gas mode using 99.998% pure He and 99.998% pure Ar (National
Welder’s Specialty Gases, Durham, NC) at pressures of 2 and 4 Torr
respectively. The applied rf power was 35 W. Spectrometer control and
data acquitions was accomplished using the JY Quantum 2000 software
version 1.1. Data files were exported, processed, and managed in the
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form of Microsoft (Seattle, WA) Excel files. Subsequent crater profiles
were acquired using a Tencor (KLA-Tencor Inc., Mountain View,
CA)Model P-10 diamond stylus profilometer having 2.5 nm vertical
resolution and 2.0 µm lateral resolution.

Methylene Blue Doped Sol-gel Depth Profile Analysis
The homogeneity of the methlyene blue distribution though the solgel matrix was determined using radio-frequency glow discharge optical
emission spectroscopy (rf-GD-OES). The sol-gels were also assessed in
terms of gel thickness, elemental analysis and impurities through
elemental depth profiling using the rf-GD-OES system. Emission from the
excited state (e.g. sputtered/ablated atoms) is monitored to give a depth
profile as the plasma erodes the sample surface. Figure C.1 illustrates the
depth profile of a methylene blue doped sol-gel. Following depth profile
analysis, a profilometer was used to characterize the resulting crater and
determine gel thickness. With the exception of noise at small depths due
to plasma stabilization, the emission responses for the sol-gel matrix
elements (e.g. Si, O and C) are consistent throughout the gel, indicating
homogenous distribution of the methylene blue throughout the sol-gel
matrix. Transition from the sol-gel matrix to the glass substrate is clearly
seen by an increase in the responses of the glass constituents (e.g. Ca
and Mg). The depth of the crater was determined to be 6 µm and can be
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considered to be representative of the sol-gel’s thickness based on postsputtering surface profilometery measurements.

Figure C.1 Depth profile of methylene blue doped sol-gels.
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APPENDIX D
Use of a Calcium Fluoride Matrix to Synthesize Uranium-Containing
Nanoparticles
Experimental
A synthetic method was investigated as a means of preparing
uranium-containing nanoparticles to serve as standard materials for the
assessment of collected particulate matter for both composition and size.
Uranyl ion (UO22+) is co-precipitated into a calcium fluoride (CaF2) matrix,
wherein the UO22+ takes the crystal position of the Ca2+ ion. The coprecipitate of uranyl ion into CaF2 was achieved by first “salting out” the
UO22+ from the original stock solution of UO22+. Three milliliters of tri-nbutyl phosphate (TBP) were added to 1 mL of stock solution UO22+ (1000
or 10,000 μg mL-1) in a vial, shaken, and then extracted. The extracted
TBP layer now contains the uranyl ion. A one milliliter aliquot of TBPUranium solution was then pipetted into a 50 mL plastic centrifuge bottle.
To this one milliliter aliquot approximately 2 mL of acetone and 9 mL of
ethyl alcohol was added. This mixture of organic solvents made the TBP
mixture miscible enough to be mixed with 15 mL of ammonium fluoride
(NH4F) and 2.5 mL of calcium nitrate (Ca(NO3)2) to allow for reasonable
digestion time. Thirty minutes in a 90°C water bath promoted nucleation.
Followed by twenty minutes of centrifuging at 1500 rpm allowed for
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smooth decanting of the liquids. The sample vials are then dried for thirty
minutes at 225°C in a muffle furnace. The remaining solid was removed
from the vial with a spatula, ground with a mortar and pestal, and blazed
for an hour and half at 1000°C in a muffle furnace. The resulting powdered
particles were analyzed using scanning electron microscopy (SEM), with
an accelerating potential of 25 kV, and field emission (FE)/SEM images at
5.0 kV.

Uranium Nanoparticle Synthesis Results
The synthesized co-precipitate uranyl ion physical structure was
assessed by field emission (FE) and conventional scanning electron
microscopy (SEM) coupled with energy dispersive x-ray (EDX). The
synthesis of uranyl ions with the calcium fluoride matrix provided a
convenient chemical approach to preparing uranium-containing particle of
known composition. The uranyl ion is co-precipitated into a CaF2 matrix,
wherein the UO22+ takes the crystal position of the Ca2+ ion. The resulting
crystal particles (Figures D 1a and 1b) show very ordered hexagonal
stacking crystals., which was observed in all analyses. The original
concentration of UO22+ (1 μg mL-1) did not provide satisfactory detection of
uranium or oxygen using SEM or FE-SEM coupled with EDX, Figures D
1a and 1b. The inability to determine uranium was accounted for by the
fact that there was not a sufficient amount of UO2+ ions replacing the Ca2+
ions; hence the concentration of uranyl ion was inadequate. It was
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Figure D.1a: CaF2: UO2 particles demonstrating hexagonal crystal

Figure D.1b: CaF2: UO2 particles demonstrating stacking layers
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Figure D.2: FE-SEM/EDX spectrum of uranyl ion 10 μg mL-1

F

U
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therefore decided that to increase the concentration of uranyl ions to 10 μg
mL-1. The FE-SEM data, Figure D 2, showed improvement in uranium
detection with an increase in uranyl ion to 10 μg mL-1. The improvement in
uranium detection demonstrates the need for higher concentrations of
uranyl ions in order to facilitate UO22+ replacing Ca2+ crystal positions.
Another aspect that was explored was digestion times of uranyl
ions and the calcium fluoride matrix; it was thought that an increase in
digestion time would allow UO22+ to replace Ca2+ in the crystal structure.
Digestion times were increased by 30 min and 1 hour showing little to no
improvement in the uranium detection it was therefore concluded that an
increase in digestion time was not needed. From this data, the intensity,
weight percentages and atomic percentages for uranium present in the
EDX reports showed that as uranyl ion concentrations are increased
uranium is more readily detected. Results for the SEM and FE-SEM
demonstrate that the uranyl ion is co-precipitating into the calcium fluoride,
but both only provide size and composition analysis on the micrometer
scale. The co-precipitate of uranyl ions into the calcium fluoride matrix has
the potential for the creation of reference materials and particle size
distribution.As an alterative mode of uranium and oxygen analysis,
uranium

(VI)

oxide

chromatography/particle

was

determined

beam-electron

using

impact/mass

the

liquid

spectrometry.

Previous sections in this dissertation described the advantages and
fundamental operation parameters for the particle beam (PB). Also, a
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discussion of mass spectrometry is beyond the scope of this appendix and
will not be discussed. The analysis of uranium and uranium oxides in a
liquid stream has applications toward the contamination of water supplies.
Figure D 3 show the uranium and uranium oxide mass spectrum of a 1000
μg mL-1 uranium (VI) oxide liquid solution. The uranium (VI) oxide solid
was dissolved in nitric acid and diluted on a weight by weight volume basis
to the desired concentration. Figure D 3 demonstrates both molecular
(uranium oxide) and elemental uranium detection. This demonstrates that
the LC/PB-EI-MS technique can be used to determine both elemental and
molecular forms of uranium in liquid eluents.

Figure D.3. LC/PB-EI/MS of uranium (IV) oxide (1000 μg mL-1),
70 EV, desolvation chamber 121°C, source chamber 270°C, ~
5% HNO3
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